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PREFACE 


The  Bureau  is  continually  in  receipt  of  requests  for  information 
concerning  the  properties,  statistics,  and  manufacture  of  metals 
and  of  alloys,  coming  from  other  departments  of  the  Government, 
technical  or  purchasing  agents  of  manufacturing  firms,  or  from 
persons  engaged  in  special  investigative  work  in  universities  and 
private  technical  institutes.  Such  information  is  rarely  to  be 
found  in  systematic  form ; usually  the  sources  of  such  information 
are  difficult  of  access,  and  their  accuracy  not  always  certain. 
Often  quoted  information  of  this  sort  is  valueless,  either  for  the 
reason  that  the  data  upon  which  it  is  based  are  actually  incorrect 
or  that  they  have  not  been  properly  interpreted. 

There  are  therefore  being  issued  from  time  to  time  in  response 
to  these  demands  circulars  on  individual  metals  or  alloys,  with  the 
idea  of  grouping  in  these  circulars  all  of  the  best  information  which 
the  Bureau  has  as  a result  of  its  tests  and  investigations,  together 
with  that  available  in  all  records  of  published  tests  and  investiga- 
tions of  such  material. 

The  circulars  deal  primarily  with  the  physical  properties  of  the 
metal  or  alloy.  All  other  features,  except  a few  statistics  of  pro- 
duction and  such  as  methods  of  manufacture,  presence  of  impurities, 
etc.,  are  discussed  only  in  their  relation  to  these  physical  proper- 
ties. It  must  be  realized  that  the  physical  properties  of  metals 
and  alloys  are  often  in  great  degree  dependent  upon  such  factors, 
so  that  the  statement  of  values  for  such  properties  should  include 
accompanying  information  regarding  these  factors  by  which  the 
properties  are  affected. 

The  endeavor,  therefore,  in  the  circulars  is  to  reproduce  only 
such  data  as  have  passed  critical  scrutiny  and  to  suitably  qualify 
in  the  sense  outlined  above  all  statements,  numerical  or  otherwise, 
made  relative  to  the  characteristics  of  the  metal.  The  data  and 
information  have  been  put  in  the  form  of  tables  and  curves,  the 
curves  being  reproduced  in  such  dimensions  that  accurate  inter- 
polation of  values  on  them  is  possible  by  the  use  of  a rule  gradu- 
ated in  decimal  parts  of  a centimeter.  The  probable  degree  of 
accuracy  of  data  is  indicated  or  implied  by  the  number  of  significant 
figures  in  the  values  given. 
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A.  ALUMINUM 
I.  COMMERCIAL  ALUMINUM 
1.  SOURCES,  METALLURGY 

Although  the  element  aluminum  constitutes  approximately 
7 per  cent  of  the  earth’s  crust  in  the  form  mainly  of  clay,  feldspar, 
and  other  double  or  complex  silicates,  it  is  from  two  relatively 
rarely  occurring  minerals  or  ores  that  commercial  aluminum  is 
manufactured.  These  are  bauxite  (Al203.3H20.xFe203)  and  cryo- 
lite (NagAlFe) . The  former  occurs  near  Baux,  France,  in  Hessen- 
Nassau,  Germany,  in  Ireland,  and  in  the  State  of  Arkansas. 
Cryolite  is  found  at  Ivitut,  Greenland. 
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The  manufacture  of  metallic  aluminum  consists  properly  of  two 
operations:  (i)  The  preparation  of  pure  raw  materials,  aluminum 
oxide  (A1203)  and  cryolite  (AlNa3F6) , and  (2)  the  electrolysis  of 
the  aluminum  oxide  in  a fused  mixture  of  oxide,  cryolite,  and  often 
other  halide  additions. 

Bauxite  as  mined  contains  from  1 to  30  per  cent  of  both  iron 
oxide  (Fe203)  and  silica,  from  which  it  must  be  freed  before  its 
addition  to  the  electrolytic  bath,  since  otherwise  these  metals 
would  pass  into  the  cathode  metal  in  large  quantities,  being  more 
readily  separated  from  their  oxides  than  aluminum.  Two  proces- 
ses for  doing  this  are  in  use.  The  older  process,  due  to  Le  Chatelier 
and  Morin,  consisted  in  roasting  the  powdered  bauxite  with  soda, 
whereby  sodium  aluminate  (NaA102),  silica  (Si02),  and  iron  oxide 
(Fe203)  are  formed.  The  sodium  aluminate  is  then  dissolved  out 
by  water,  leaving  undissolved  iron  oxide  and  silica.  From  this 
solution  aluminum  hydroxide  (Al(OH)3)  is  obtained  by  passing 
carbon  dioxide  (C02)  through  it,  by  which  aluminum  hydrate  is 
precipitated,  forming  soda  (Na2C03)  anew.  The  ahnninum 
hydrate  is  calcined  to  oxide.  The  von  Bayer  method  produces 
the  sodium  aluminate  by  treatment  of  bauxite  with  sodium 
hydroxide  solution  under  pressure  (five  atmospheres  of  steam 
pressure).  From  this  solution  the  greater  part  of  the  aluminum 
hydrate  is  precipitated  by  stirring  with  pure  aluminum  hydrate. 

The  natural  cryolite  is  generally  used  in  this  country,  but  some 
artificial  salt  is  produced,  particularly  abroad. 

The  electrolysis  is  carried  out  in  carbon-lined  pots  about  3 by  3 
by  6 feet  long,  using  a bath  of  oxide  and  cryolite  (with  other  halide 
additions,  such  as  aluminum  fluoride  and  chloride,  potassium  and 
sodium  chlorides)  containing  not  more  than  20  per  cent  of  oxide. 
The  carbon  lining  may  serve  as  the  cathode  and  carbon  blocks  as 
anodes.  The  electrolysis  is  usually  carried  out  at  a temperature 
of  from  900  to  iooo°  C,  using  a current  density  of  about  700 
amperes  per  square  foot  and  an  electrode  potential  of  7.5  to  8.5 
volts.  The  heating  is  accomplished  by  this  current,  the  theo- 
retical decomposition  voltage  being  ofr out  2.8  volts.  Approxi- 
mately 30  kilowatt-hours  are  required  for  the  production  of  1 kg 
of  metal. 

As  the  electrolysis  proceeds  oxide  is  added  and  the  cryolite  is 
regenerated.  The  molten  aluminum  is  tapped  from  these  reduc- 
tion pots  every  24  hours  into  small  ladles,  and  from  this  into  a 
large  ladle.  From  this  mixing  ladle  it  is  poured  into  ingot  molds, 
furnishing  commercial  aluminum. 
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Since  a material  is  required,  free  from  ash,  iron,  and  silicon,  the 
anodes  and  lining  are  made  of  retort  or  petroleum  carbon.  These 
anodes  are  rapidly  worn  away,  usually  at  the  rate  of  i pound  of 
anode  for  i pound  of  aluminum  produced. 

The  details  of  the  construction  of  the  reduction  pots,  composition 
of  bath,  etc.,  vary  largely  in  different  plants.  Those  who  were 
mainly  instrumental  in  developing  the  present  type  of  electro- 
chemical reduction  process  for  aluminum  were  Bunsen  (1854),  St. 
Claire  Deville  (1854),  Heroult  (1886),  Minet  (1887),  and  Hall 
(1886). 

2.  COMMERCIAL  GRADES,  USES 

In  this  country  two  commercial  grades  of  aluminum  are  pro- 
duced: (1)  Grade  A,  containing  99  per  cent  or  more  aluminum, 
and  (2)  Grade  B,  containing  from  98  to  99  per  cent  aluminum. 
The  first  grade  is  largely  used  for  wrought  aluminum  ware  and  for 
the  preparation  of  light  alloys  for  rolling  and  castings.  The 
second  grade  is  used  in  the  steel  industry,  and  sometimes  for 
casting  alloys. 

The  impurities  in  commercial  aluminum  are  chiefly  iron  and 
silicon,  although  traces  of  copper  and  sodium  are  sometimes  found. 
In  the  A grade  the  aluminum  content  will  normally  average  about 
99.3  per  cent,  with  silicon  varying  from  0.15  to  0.40  per  cent  and 
iron  varying  from  0.25  to  0.70  per  cent.  The  iron  content  is  usu- 
ally greater  than  the  silicon  content.  Copper  will  vary  from  a 
trace  only  to  perhaps  0.05  per  cent,  whereas  sodium  is  in  recent 
years  found  only  in  traces.  The  B grade  is  characterized  by  the 
presence  of  more  iron  and  a somewhat  greater  silicon  content. 

In  Table  I are  given  the  results  of  the  analysis  by  Withey  (30) 3 
of  four  samples  of  ‘ ‘ the  purest  commercial  aluminum.  ’ ’ These  were 
presumably  furnished  by  the  British  Aluminum  Co.  Echevarri  (54) 
states  that  the  product  of  the  British  Aluminum  Co.  (Etd.)  now 
contains  close  upon  99.5  per  cent  aluminum.  Aluminum  of  greater 
than  commercial  purity  has,  of  course,  been  prepared.  It  is  only 
necessary  to  use  care  in  the  preparation  of  raw  materials  in  order 
to  eliminate  the  iron;  silicon  is  more  difficult  to  eliminate.  Such 
samples  of  pure  aluminum  will  be  referred  to  under  the  paragraphs 
dealing  with  the  physical  properties  of  the  metal. 

Aluminum  comes  on  the  market  in  several  forms: 

Ingots  for  Remelting. — Either  “ waffle  ” ingots,  consisting  of  series 
of  square  plaques  3 by  3 by  ^ inches,  connected  by  a thin  web, 
or  notched-bar  ingots  about  14  inches  long  by  inches  wide. 


2 These  figures  relate  to  the  numbered  references  in  the  " Bibliography  ” at  the  conclusion  of  this  Circular. 
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Rolling  Ingots  of  Different  Sizes. — 3^  by  12  by  24  inches;  3 by 
12  by  32  inches;  2 by  12  by  20  inches;  i^i  by  12  by  18  inches. 

Rolling  Slabs. — Ingots  broken  down  to  about  three-eighths  inch 
thickness. 

The  story  of  the  uses  and  applications  of  aluminum  is  quite  a 
long  one.  As  might  be  expected,  it  has  made  a place  for  itself 
everywhere  where  lightness,  malleability,  high  electrical  conduc- 
tivity, and  moderate  resistance  to  corrosion  are  service  features. 


TABLE  1. — Analyses  by  Withey  (30)  of  Samples  of  Purest  Commercial  Aluminum 


Impurity 

Sample  A 

Sample  B 

Sample  C 

Sample  D 

Copper 

0. 0265 

0. 0800 

0. 0463 

Trace 

.1829 

.4077 

.1972 

0. 1522 

.0060 

.0120 

.0075 

.0024 

Silicon 

Trace 

.232 

Trace 

Trace 

Silica 

.333 

.340 

.290 

.459 

Nitrogen 

.040 

.006 

.042 

.092 

Sodium 

Trace 

Trace 

Trace 

Trace 

Sulphur 

Nil 

Nil 

Nil 

Nil 

Phosphorus 

Nil 

Nil 

Nil 

Nil 

About  one-third  of  the  production  is  consumed  in  the  automobile 
industry  (Richards,  38),  where  it  is  used  in  the  form  of  castings 
and  of  sheets  for  chassis  and  paneling.  Other  major  uses  of  this 
metal  are  for  cooking  utensils  and  vessels  of  all  kinds,  for  electrical 
conductors  to  replace  copper,  for  lightning  arresters,  and  in  the 
form  of  alloy  castings.  It  is  also  used  as  a deoxidizing  agent  in 
the  manufacture  of  iron  and  steel,  in  the  Goldschmidt  thermit 
process,  as  a substitute  for  stone  in  lithographic  work,  as  wrapping 
foil,  as  paint  powder,  as  a constituent  of  the  explosive  ammonal, 
as  the  anode  in  electrolytic  rectification  cells.  It  is  manufactured 
in  every  commercial  form — bars,  tubes,  sheets,  powder,  foil,  sec- 
tions, and  ingots.  Richards  (44)  lists  about  200  commercial  and 
technical  uses  of  aluminum. 

It  may  be  worth  while  to  point  out  that  aluminum  may  be  used 
as  a substitute  in  many  cases  for  metals  which  are  either  more 
expensive  or  are  difficult  or  impossible  to  obtain.  During  the 
present  shortage  of  tin,  aluminum  foil  can  be  used  to  replace  tin 
and  tin-lead  alloy  foil.  It  can  be  used  at  least  for  many  cases  as 
a constituent  of  bronze  castings  to  replace  tin.  The  greater  cost 
per  pound  of  aluminum  than  metals  such  as  lead  and  zinc  should 
not  be  allowed  to  give  a false  impression  of  its  cost.  In  many 
cases,  such  as  that  of  foil,  of  small  manufactured  articles,  and  of 
many  castings,  the  size  and  shape  of  the  article  is  determined  by 
its  use,  so  that  it  is  the  cost  per  unit  of  volume  of  the  material,  not 
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that  per  unit  of  weight,  which  must  be  considered.  Aluminum 
compares  quite  favorably  in  this  respect  with  other  metals,  as  the 
following  table  indicates: 


Metal 

Cost  per 
unit  of 
weight 
(pounds) 

Cost  per 
unit  of 
volume 
(cubic 
inches) 

Copper 

$0. 15 

38 

$0. 048 

100 

Tin 

Lead 

4 

16 

Zinc 

5A 

23 

14 

Aluminum 

22 

3.  PRODUCTION,  PRICE 

Table  2 gives  a general  idea  of  the  world’s  production  and  con- 
sumption of  aluminum.  Both  production  and  consumption  have 
increased  within  the  past  15  years  at  a remarkable  rate.  The 
United  States  leads  the  world  in  production. 

Table  3 gives  the  average  yearly  prices  for  ingot  aluminum 
from  the  beginning  of  its  manufacture  on  a commercial  scale. 

The  production  of  aluminum  is  in  the  hands  of  comparatively 
few  large  firms.  Ninety  per  cent  of  the  aluminum  was  produced 
in  1914  by  the  following  firms:  Die  Aluminium-Industrie  A.  G. 
in  Neuhausen,  Switzerland;  Societe  Electro-Metallurgique  Fran- 
$aise  in  Froyes,  France;  Compagnie  des  Produites  Chimiques, 
d’Alais  et  de  la  Camarque,  in  Salindres,  France;  the  British 
Aluminium  Co.  (Etd.) , England,  and  the  Aluminum  Co.  of  America, 
Pittsburgh. 

TABLE  2. — Aluminum  Statistics 

WORLD  PRODUCTION  IN  TONS  (2000  POUNDS)^ 


1902 

1903 

1904 

1905 

1906 

1907 

1908 

United  States  & .. 

3650 

United  States  and  Canada 

3750 

4300 

4960 

6610 

8820 

6610 

Germany 

1 

Austria-Hungary 

i 2700 

2700 

3300 

3300 

3850 

4400 

4400 

Switzerland 

France 

1500 

1800 

1900 

3300 

4400 

6600 

6600 

England 

650 

760 

760 

1100 

1100 

1980 

2200 

Italy 

660 

Total 

8500 

9010 

10  260 

12  660 

15  960 

21  800 

20  470 

Value  in  $1000 

4570 

4820 

5480 

10  600 

12  700 

17  300 

8150 

a All  of  these  values  except  those  marked  (a)  are  taken  from  an  assembly  of  statistics  by  Krause  (4) 
which  he  states  are  in  many  cases  only  estimates,  and  are  from  reports  of  the  Metallhandelgesellschaft 
Frankfurt  A.  M.,  and  from  reports  appearing  in  Zeit.  f.  Elektrochemie.  Further  import  and  export 
statistics  are  given  there  also. 

& From  Geological  Survey  data  (8,  27). 
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TABLE  2 — Continued 

WORLD  PRODUCTION  IN  TONS  (2000  POUNDS) 


1909 

1910 

1911 

1912 

United  States  and  Canada 

14  550 

17  750 

19  850 

19  850 

Germany 

Austria-Hungary 

1 *5500 

8800 

8800 

13  200 

Switzerland 

France 

J 

6600 

10  500 

11  000 

14  300 

England 

3100 

5500 

5500 

8300 

Italy 

880 

880 

880 

880 

Norway 

660 

990 

990 

1650 

Total 

31  290 

44  120 

47  020 

58  180 

Value  in  $1000 

10  500 

15  800 

13  600 

22  900 

WORLD  CONSUMPTION  IN  TONS  (2000  POUNDS)  a 


United  States  & . . 

France 

England 

Italy 

Germany 

Austria-Hungary . 

Switzerland 

Russia 

Other  countries. - 


Total. 


770 

660 

1100 

770 

4300 

1200 

770 

5673 

2300 

1100 

7455 

2900 

1100 

8606 

3300 

2000 

3300 

3420 

3970 

4520 

5840 

5500 

4730 

5290 

10  240 

13  593 

17  295 

19  406 

5576 

3800 

2200 

550 


18  126 


WORLD  CONSUMPTION  IN  TONS  (2000  POUNDS) 


United  States  &.. 

France 

England 

Italy 

Germany 

Austria-Hungary 

Switzerland 

Russia 

Other  countries. . 

Total 


. 17  105 

23  867 

23  063 

32  804 

5500 

6000 

5500 

6600 

2200 

3000 

3300 

4400 

Ran 

990 

990 

1100 

■ 13  200 

14  900 

18  800 

24  300  . 

38  885 

48  757 

51  653 

69  204  . 

39  564 


49  903 


a All  of  these  values  except  those  marked  (a)  are  taken  from  an  assembly  of  statistics  by  Krause  (4) 
which  he  states  are  in  many  cases  only  estimates,  and  are  from  reports  of  the  Metallhandelgesellschaft 
Frankfurt  A.  M.,  and  from  reports  appearing  in  Zeit.  f.  Elektrochemie.  Further  import  and  export 
statistics  are  given  there  also. 
t>  From  Geological  Survey  data  (8,27). 
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TABLE  3. — Price  of  Aluminum  Q 


Year 

Price  per 
pound 

Year 

Price  per  j 
pound 

Year 

Price  per 
pound 

1852 

$545. 00  I 

1896 

$0,295 

1910 

$0. 164 

1854 

272. 20 

1897 

.283 

1911 

. 131 

1855 

113. 30 

1898 

,2«J 

1912 

. 198 

1856 

34.00 

1899 

.249 

1913 

b .236 

1857 

27. 20 

1900 

.227 

1914 

b . 186 

1857-1886 

11. 33  | 

1901 

.227 

1915 

6 .334 

1886 

7.94  i 

1902 

.269 

1916  ... 

b .607 

1888 

5. 39 

1903 

.269 

Jan.-Mar.,  1917 

b .595 

1890 

2. 38 

1904 

.269 

Apr  .-June,  1917 . . .. 

b .599 

1891 

.91 

1905 

.396 

July-Sept.,  1917. 

b .462 

1892 

.566 

1906 

.396  ' 

Oct.-Dec.,  1917 

b .373 

1893  

.566 

1907 

.412  ! 

Jan.-Fell.,  1918 

.370 

1894 

.453 

1908 

.181  | 

March-May,  1918 

.32 

1895 

.34 

1909 

.156 

May-Dec.,  1918 

.33 

a All  figures  but  those  marked  (*>)  refer  to  general  market  price  (Krause,  4). 
& From  Eng.  and  Min.  Joum.  (26).  These  apply  to  the  United  States  only. 

II.  METALLOGRAPHY 


Aluminum  exists  in  but  one  solid  phase  or  form  as  far  as  is 
known.  Laschtschento  (97),  Cohen  (96),  and  Le  Verrier  (177), 
it  is  true,  have  considered  that  the  results  of  their  calorimetric 
experiments  proved  the  existence  of  a thermal  transformation  in 
the  metal  at  about  560°  C,  but  the  absorption  of  heat  at  this 
temperature  (about  5 calories  per  gram,  according  to  Lascht- 
schento) is  due  undoubtedly  to  the  fusion  of  the  aluminum-silicon 
eutectic  at  this  temperature.  Laschtschento’ s results  are  given  in 
Fig.  7.  Thermal  analyses  of  99.6  per  cent  aluminum  made  at  the 
Bureau  show  the  heat  evolutions  or  absorptions  corresponding  to 
the  solidification  or  fusion  of  both  the  aluminum,  aluminum-iron 
compound  (FeAls)  eutectic  at  639°  C,  and  the  aluminum-silicon 
eutectic  at  560°  C.  No  other  thermal  arrests  are,  however,  found. 

Very  little  work  has  been  done  on  the  microstructure  of  alumi- 
num, largely,  perhaps,  for  the  reason  that  it  is  difficult  to  prepare 
and  etch  a sample  satisfactorily  for  observation.  Precautions 
must  be  taken — (1)  that  the  surface  shall  not  be  distorted  by  the 
sawing,  grinding,  and  polishing,  (2)  that  emery  particles  shall  not 
be  forced  into  the  surface,  and  (3)  that  the  final  polishing  process 
shall  not  dull  the  surface.  Light-bearing  pressures  and  the  use 
of  fine  saws  will  prevent  the  first  difficulty.  Anderson  (95)  pre- 
vents the  second  by  using  the  French  emery  paper  coated  with 
paraffin.  It  has  been  found  at  this  Bureau  that  the  use  of  alcohol 
on  this  emery  paper  produces  excellent  results.  Final  polishing 
on  kersey,  broadcloth,  or  chamois  skin  with  a small  amount  of 
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Fig.  i. — gg  per  cent  aluminum  ingot;  etched  with  o.i  per  cent  NaOH.  Xioo 


Fig.  2. — gg  per  cent  aluminum  ingot;  etched  with  o.i  per  cent  NaOH.  X-TOOO 
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Fig.  3. — Hard-rolled  aluminum  sheet  {Anderson);  etched  'with  HF. 


XI 00 


Fig.  4. — Annealed  aluminum  sheet  {Anderson);  etched  with  HF.  X50 
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levigated  alumina  moistened  with  alcohol  will  produce  a well- 
polished  surface. 

The  etching  of  aluminum  may  be  done  with  io  per  cent  sodium 
hydroxide  (NaOH)  in  water,  or  with  aqueous  hydrofluoric  acid 
(HF)  (i  part  in  8 parts  of  water)  in  order  to  develop  the  grain 
structures  and  for  low  magnification.  For  detail  work,  however, 
it  is  preferred  at  this  Bureau  to  use  a o.io  per  cent  solution  of 
sodium  hydroxide  in  approximately  50  per  cent  alcohol.  This 
solution  does  not  develop  the  grain  structure,  but  does  show  the 
impurities  in  much  better  manner  than  do  the  more  concentrated 
reagents  mentioned  above. 

Anderson  (95)  has  given  photomicrographs  illustrative  of  the 
structure  of  commercial  aluminum  in  different  forms.  These  are 
shown  in  Figs.  1 to  3.  The  grains  of  aluminum  can  be  seen  only 
in  cast  or  in  wrought  and  annealed  alloys.  In  cold-rolled  sheet 
the  grains  can  not  be  discerned. 

All  commercial  aluminum,  even  the  purest  (99.6  per  cent) 
shows  in  its  microstructure  a second  constituent,  the  identity  of 
which  has  never  been  definitely  determined.  In  the  unetched  sec- 
tion it  can  be  seen  as  a dull  slate-gray  mass  illustrated  in  Fig.  4. 
This  may  be  the  iron-aluminum  compound,  FeAl3,  crystalline  sili- 
con, or  a silicide  of  iron  (with  some  aluminum)  or  a mixture  of  these. 
Alumina  is  seldom  if  ever  noticed  in  the  microstructure  of  commer- 
cial aluminum. 

III.  CHEMICAL  PROPERTIES 

Aluminum  is  a very  active  element  and  under  proper  conditions 
reacts  readily  with  other  elements  and  substances,  such  as  chlo- 
rine, sulphur,  oxygen.  Its  molecular  heat  or  combustion  is  (for 
A1203  = 102.2  grams)  392  600  calories. 

The  ease,  however,  with  which  aluminum  reacts  with  oxygen, 
water,  etc.,  is  very  dependent  upon  the  physical  state  of  the  metal. 
As  a powder  or  in  an  amalgam,  for  example,  it  reacts  quite  readily 
with  air,  water,  and  other  substances  as  one  would  expect  from  its 
high  heat  of  reaction.  As  a solid  mass,  however,  its  rate  of  reaction 
with  the  same  substances  is  very  much  slower,  often  almost 
unnoticeable.  This  in  many  cases,  as,  for  example,  its  behavior 
toward  oxidation,  is  undoubtedly  due  to  its  protection  by  a thin 
coating  of  reaction  product,  be  it  oxide,  hydrate,  or  otherwise. 
An  important  corollary  of  this  fact  is  that  the  rate  of  corrosion  of 
aluminum  and  of  its  light  alloys  depends  on  whether  this  protec- 
tive coating  of  oxide  once  formed  remains  in  place,  protecting  the 
remainder  of  the  metal,  or  whether  it  is  removed  as  it  is  formed. 
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Thus  the  corrosion  of  the  metal  and  its  alloys  is  much  more  rapid 
in  running  water,  and  under  conditions  in  which  air  and  water 
erosion  also  play  a part,  than  in  still  water. 

Aluminum  in  the  solid  form  is  corroded  slowly  and  superficially 
only  by  pure  water.  In  the  air,  damp  or  dry,  it  is  also  only  super- 
ficially oxidized.  When  heated  to  400°  C for  10  minutes  in  air  a 
beginning  oxidation  is  noticed  which  increases  slowly  up  to  8oo°  C 
and  then  increases  rapidly.  Very  finely  divided  aluminum,  wire, 
or  foil  will  decompose  water  very  slowly  but  noticeably  at  ioo°  C. 

Ammonium  hydroxide  attacks  aluminum  slowly,  forming 
aluminum  hydrate.  Sodium  and  potassium  hydroxides  (NaOH 
and  KOH)  attack  it  quite  rapidly. 

Sulphur,  free  or  dissolved  in  carbon  disulphide  (CS2) , does  not 
affect  aluminum  at  ordinary  temperatures. 

A solution  of  a mercury  salt  attacks  aluminum.  The  mercury 
liberated  by  the  reduction  of  the  salt  amalgamates  the  aluminum. 
The  aluminum  in  this  amalgam  is  very  active  and  from  it  aluminum 
oxide  is  very  rapidly  formed  by  the  action  of  water.  Aluminum 
articles  must  therefore  be  protected  from  the  action  of  mercury 
salts. 

Cold  concentrated  or  dilute  nitric  acid  (HN03)  attack  aluminum 
only  very  slowly.  The  metal  becomes  “ passive  ” under  the  action 
of  this  acid.  Dilute  and  concentrated  sulphuric  acid  (H-jSOJ 
attack  aluminum  but  slowly  when  cold.  When  concentrated 
sulphuric  acid  is  heated  with  aluminum,  the  latter  is  attacked  with 
formation  of  sulphur  dioxide  (S02).  Dilute  and  concentrated 
hydrochloric  acid  (HC1)  readily  dissolve  aluminum,  as  well  as 
other  mineral  acids  in  the  presence  of  metal  chlorides. 

Seligman  and  Williams  (98,  99,  101)  have  carried  out  extensive 
tests  of  the  resistance  of  aluminum  to  corrosion  by  acids,  particu- 
larly nitric,  sulphuric,  and  acetic  acids,  the  results  of  which  are 
of  the  greatest  practical  value  in  view  of  the  extensive  use  of 
aluminum  for  kitchen  utensils  and  for  acid  vats  and  condensers. 
Their  conclusions  follow: 

The  rate  of  attack  of  aluminum  by  cold  acetic  acid  is  small;  it 
increases  with  increasing  dilution  of  the  acid.  Aluminum  vessels 
can  be  used  for  containing  concentrated  nitric  acid,  when  cold; 
with  hot  nitric  acid  of  any  concentration  aluminum  has  but  a 
limited  life.  Dilute  cold  nitric  acid  also  can  be  handled  in  alumi- 
num vessels,  but  the  life  of  the  latter  is  not  as  long  as  with  the 
concentrated  acid. 

The  corrosion  of  aluminum  is  greater  in  mixed  sulphuric  and 
nitric  acids  than  in  either  alone  (contrary  to  previously  held 
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opinion) , and  aluminum  vessels  should  be  used  only  with  caution 
for  handling  such  mixed  acids. 

The  presence  of  impurities,  iron,  silicon,  and  copper  is  of  little 
influence  on  the  corrosion  in  acids.  The  presence  of  copper  is 
much  more  injurious  when  the  corrosion  is  by  dilute  than  when 
by  concentrated  acid. 

1.  CORROSION 

Our  detailed  knowledge  of  the  corrosion  of  aluminum  is  perhaps 
largely  due  to  Heyn  and  Bauer  (128),  who  in  a very  thorough  inves- 
tigation described  the  characteristic  variations  in  the  behavior  of 
aluminum  to  corrosion  in  water  or  air  and  studied  the  effect  of 
different  conditions  upon  this  corrosion.  Their  investigation  was 
made  following  an  extensive  epidemic  of  disintegration  of  alumi- 
num cooking  utensils  which  were  then  being  put  on  the  market. 
Upon  storing,  many  of  these  became  exfoliated,  cracked,  and 
blistered,  undergoing  in  many  cases  an  almost  complete  disinte- 
gration. 

Heyn  and  Bauer  found  that  aluminum  undergoes  two  types  of 
corrosion.  It  may  corrode  uniformly,  a coating  of  oxide  being 
formed  over  the  whole  surface;  or  it  may  be  attacked  locally,  with 
formation  of  blisters  and  exfoliation.  The  latter  type  of  corrosion 
is,  of  course,  most  dangerous  and  destructive.  It  appears  to  occur 
only  when  the  aluminum  is  in  the  hard  or  cold  worked  condition 
and  with  certain  types  of  tap  water  or  salt  solutions.  Calcium 
salts  seem  to  be  accelerators  of  this  type  of  corrosion.  Tap  water, 
for  example,  produces  only  slight  uniform  corrosion  after  several 
months  on  soft  or  annealed  sheet;  whereas  it  causes  local  cor- 
rosion, blistering,  and  disintegration  with  hard  sheet.  Distilled 
water  and  many  other  salt  solutions,  on  the  other  hand,  will  not 
cause  blistering  even  with  hard  sheet.  Heyn  and  Bauer  suggest 
that  cooking  utensils  might  well  be  annealed  in  order  to  eliminate 
entirely  the  danger  of  local  corrosion. 

This  distinctive  type  of  local  corrosion  is  probably  due  (1)  to 
the  presence  of  initial  stresses  in  the  hard  sheet  which  cause  strains 
and  buckling  when  released  by  corrosion  and  (2)  the  fact  that,  as 
Heyn  has  shown,  hard  aluminum  is  electropositive  to  soft  or 
annealed  aluminum  (by  about  0.03  volt  in  tap  water) . 

An  idea  of  the  extent  of  corrosion  undergone  by  aluminum  may 
be  gained  from  the  following  figures  taken  from  Heyn  and  Bauer’s 
results : 

In  distilled  water,  with  access  of  air,  the  diminution  in  thickness 
of  the  sheets  (from  0.8  to  1.2  mm  thick)  in  207  days  was,  for 
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hard  sheet,  0.0045  mm;  medium  sheet,  0.0048  mm;  soft  sheet, 
0.0054  mm. 

Samples  of  medium  hard  sheets  showed  the  following  losses  in 
thickness  after  61  days  in  sodium  chloride  (NaCl)  solution  of  the 
following  concentrations:  0.34  N NaCl,  0.0015  mm;  0.86  N NaCl, 
0.0024  mm;  3.42  N NaCl,  0.0029  mm. 

No  effect  of  varying  silicon  content  of  the  aluminum  within  the 
range  0.57  per  cent  to  0.86  per  cent  of  silicon  was  noticed  upon  the 
type  or  amount  of  corrosion. 

Aluminum  is  not  attacked  by  water  in  the  absence  of  air  or 
oxygen. 

The  corrosion  is  much  increased  as  the  temperature  rises.  For 
example,  a sample  of  medium  hard  sheet  showed  the  following 
decrease  in  thickness  after  48  days  in  tap  water:  At  20°  C,  0.00039 
mm;  at  70°  C,  0.001 1 mm. 

Bailey  (120)  finds  that  the  presence  of  copper  and  sodium  in  it 
increases  the  corrosion  of  aluminum,  and  that,  in  general,  the 
greater  the  purity  of  the  metal  the  less  the  corrosion. 

Guillet  (121)  finds  that  soda  solutions  attack  aluminum  and  its 
alloys  very  rapidly.  A sample  of  aluminum  which  lost  only  2 mg 
weight  after  eight  weeks  in  Seine  water  lost  3.95  g after  the  same 
time  in  a 1 per  cent  soda  solution.  Alloys  containing  copper  are 
much  more  readily  attacked  than  pure  aluminum,  and  he  corrob- 
orates Heyn’s  claim  that  in  general  cold- worked  or  hard  aluminum 
resists  attack  less  than  the  soft  or  annealed  metal. 

The  Aluminum  Co.  of  America  (12)  states  that  aluminum  “with- 
stands the  action  of  sea  water  better  than  iron,  steel,  or  copper. 
Strips  of  aluminum  placed  upon  the  sides  of  a wooden  vessel  were 
found  to  be  corroded  less  than  0.005  inch  after  six  months’  exposure 
to  sea  water.  Copper  sheet  treated  similarly  was  corroded  nearly 
twice  as  much.”  * 

(a)  PROTECTION  OF  ALUMINUM  AGAINST  CORROSION 

Both  aluminum  and  its  alloys  are  attacked  by  sea  or  salt  water. 
The  alloys  of  aluminum  are  attacked  also  by  fresh  water  in  which 
aluminum  is  much  more  stable.  In  order,  therefore,  to  be  able 
to  utilize  these  alloys  for  construction  purposes  some  method  of 
protection  against  corrosion  must  be  sought. 

Of  particular  significance  is  the  question  of  the  protection  of 
such  alloys  against  corrosion  in  air-craft  construction.  Frames, 
beams,  and  struts  for  rigid  dirigible  construction  have  already  been 
made  entirely  from  aluminum  alloys,  and  it  is  quite  possible  that 
similar  construction  will  be  tried  for  aeroplane  construction  to 
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replace  parts  now  fabricated  of  wood,  since  there  is  now  no  doubt 
of  the  mechanical  superiority  of  the  alloy  duralumin,  weight  for 
weight,  to  wood  or  steel.  An  objection  often  raised  against  the 
use  of  these  alloys  is  that  they  will  corrode  when  exposed  to  the 
weather. 

Although  it  is  possible  to  electroplate  aluminum,  the  effective- 
ness of  such  a coating  is  highly  questionable.  The  coatings  on 
aluminum  do  not  adhere  satisfactorily,  and  the  metals  used  are  all 
electronegative  to  the  aluminum,  such  that  if  the  coating  were 
once  punctured  the  corrosion  at  that  point  would  be  much 
accelerated. 

The  use  of  a paint,  varnish,  or  enamel  seems  the  most  promising 
solution  of  the  problem.  Some  experiments  carried  out  by  Sabin 
in  1896  (133)  will  indicate  how  far  the  protection  of  aluminum  by 
such  means  is  possible  to-day. 

Sabin  carried  out  two  series  of  tests,  using  in  the  first  series  30 
plates  of  aluminum  and  aluminum  alloy  and  25  plates  in  the  sec- 
ond set.  These  were  coated  with  various  paints,  enamels,  and  var- 
nishes, and  suspended  in  cages:  (1)  In  the  first  series,  from  5 to  6 
feet  below  the  water  level  in  New  York  Navy  Yard  for  six  months; 
(2)  in  the  second  series,  for  two  years  in  the  water  of  the  Norfolk 
Navy  Yard,  and  about  13  months  in  the  New  York  Navy  Yard. 
The  first  series  of  tests  showed  that  several  coatings,  namely, 
“Sabin  process”  pipe-coating  enamel,  baked;  “Durable  metal 
coating,”  both  baked  and  unbaked;  chromium  oxide  in  kauri  resin 
oil  varnish,  unbaked;  spar  varnish,  baked  and  unbaked;  and  white 
zinc  in  kauri  resin  oil  varnish  gave  practically  perfect  protection 
to  the  five-alloy  series.  In  many  cases  blisters  had  formed  in  the 
coating,  but  no  corrosion  had  set  in.  The  same  plates  were  again 
immersed  in  the  water  at  the  New  York  Navy  Yard  in  1897  for 
about  13  months.  Some  of  them  were  lost,  but  those  which  were 
examined  were  still  uncorroded. 

The  same  may  in  general  be  said  about  the  results  of  the  second 
series  of  tests,  although  some  of  the  coatings,  notably  those  made 
with  oil  alone  as  a vehicle  were  destroyed  by  this  exposure.  Many 
remained  absolutely  intact,  while  during  the  same  time  heavy  iron 
supporting  chains  were  completely  rusted  away.  The  general  con- 
clusion from  these  tests  is  that  aluminum  and  its  alloys  can  be 
efficiently  protected  against  corrosion  under  most  severe  condi- 
tions by  the  use  of  an  enamel  or  varnish  paint  (the  oil  paints  proved 
very  inferior  in  these  tests) , and  this  fact,  the  result  of  extensive 
tests,  is  recommended  to  the  attention  of  the  aeronautical  engineer. 
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2.  ALUMINOTHERMY 

Very  extensive  use  is  made  of  aluminum  in  the  production  of 
pure  metals,  such  as  chromium,  vanadium,  manganese,  silicon, 
and  ferroalloys  by  the  Goldschmidt  thermite  process.  This 
process  depends  on  the  reduction  at  high  temperatures  of  the 
oxides  of  these  metals  by  finely  divided  aluminum.  The  Gold- 
schmidt Thermit  Co.  has  published  quite  a bit  of  literature  describ- 
ing the  alloys  and  metals  which  are  thus  produced. 

The  reaction  between  finely  divided  aluminum  and  the  oxides 
of  iron  is  also  utilized  as  a welding  process  for  steel  and  iron.  In 
this  process  the  crack  or  cavity  is  cleaned  out  and  a sand  mold 
built  up  around  it.  Into  this  mold  the  reaction  mixture,  finely 
divided  aluminum  with  iron  oxide,  is  placed,  and,  when  ignited, 
forms  molten  iron  which  flows  into  the  cavity  and  unites  with  the 
edges  of  the  article  to  be  welded.  The  aluminum  oxide  floats  to 
the  top  of  the  weld  mold.  Welding  by  this  method  is  very  suitable 
for  heavy  repair  work.  The  details  are  described  in  all  books  on 
welding.  (See  Hart  244.) 


IV.  PHYSICAL  PROPERTIES 
1.  ELECTRICAL,  MAGNETIC 

(a)  ELECTRICAL  CONDUCTIVITY 


The  Aluminum  Co.  of  America  has  given  (147)  values  of  the 
electrical  resistivity  and  conductivity  representing  the  mean  of 
the  values  of  its  output  for  the  years  1909  to  1914.  These  are: 


Resistivity 

Resistivity 

Conductivity 

Conductivity 


(p) 20°  = 2.828  microhm-cm. 

(p)  20°  = 0.0764.  ohm  (meter-gram) . 

= 60.86  per  cent  (international  stand- 
ard, by  volume) . 

= 200.46  per  cent  (international  stand- 
ard, by  mass) . 


The  density  corresponding  to  these  values  is  2.70.  Seven  excep- 
tionally pure  hard-drawn  samples  furnished  by  the  same  company 
and  tested  by  the  Bureau  (149)  showed  a mean  value  of  2.806 
microhms-cm  (varying  from  2.7845  to  2.8175)  at  20°  C for  a 
mean  aluminum  content  of  99.57  (varying  from  0.26  to  0.34  per 
cent  silicon,  Si,  0.14  to  0.15  per  cent  iron,  Fe).  Other  values  have 
been  given  by  Jaeger  and  Dieselhorst  (151),  Northrup  (152),  and 
by  Richards  and  Thomson  (153).  Only  the  latter  used  (or  at 
least  described)  purer  aluminum  and  obtained  consequently 
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higher  values  for  the  conductivity  than  that  tested  at  this  Bureau. 
They  found  the  following  values: 


Number 

Chemical  analysis 

Specific  resistance  in 
centimeter-gram- 
seconds  units  at  0°  C 

Aluminum 

Silicon 

Iron 

Sodium 

Hard 

Soft 

1 

99.66 

0. 16 

0.10 

0. 008 

2.4537 

2. 4322 

2 

99. 58 

.16 

.25 

.052 

2. 5840 

2.5350 

Using  their  value  for  the  temperature  coefficient  the  values  of 
the  resistivity  for  Nos.  1 and  2 hard,  at  20°  C,  would  be  2.6459 
and  2.7890  microhm-cm,  respectively. 

The  measurements  of  Richards  and  Thomson  were  apparently 
very  carefully  made.  It  is  to  be  assumed  that  their  lower  values 
for  the  resistivity  are  actually  to  be  referred  to  the  greater  purity 
of  the  material  they  used. 

From  previous  investigations  the  value  of  0.0039  may  be  ac- 
cepted for  the  temperature  coefficient  of  electrical  resistivity  of 
aluminum  at  20°  C. 

This  value  holds  well  for  temperatures  between  o°  and  ioo°  C 
(Richards,  Thomson,  153;  Jaeger,  Dieselhorst,  151). 

The  electrical  conductivity  of  hard-drawn  aluminum  wire  is 
increased  by  1 per  cent  by  annealing  (Richards,  153). 

(b)  THERMO-ELECTROMOTIVE  FORCE 

The  latest  measurements  of  thermo-electromotive  force  on  alu- 
minum are  by  Northrup  (154),  who  measured  the  value  of  the 
thermal  emf  to  copper  of  a sample  of  aluminum  containing  99.67 
per  cent  aluminum  at  ioo°,  232 °,  and  41 90  C.  His  results  may 
be  expressed  by  the  following  equation : 

(A1  to  Cu)io6£  (volts)  =4.51/  — °.oi22/2  + °.oooo433^3 
dE 

(A1  to  Cu)io6-^- (volts)  =4.51  — °. 0244^  + °. 000 12 99F 

Other  measurements  are  by  Wagner  (155)  and  Jaeger  and 

dE 

Dieselhorst  (158),  whose  values  for  at  temperatures  between 

o and  ioo°  C are  lower  than  Northrup’s.  Since  the  samples  of 
aluminum  used  by  them  were  not  as  pure  as  that  used  by  North- 
rup, the  latter’s  results  may  be  accepted  as  more  nearly  correct. 
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(c)  ELECTROLYTIC  SOLUTION  POTENTIAL 

The  only  measurements  of  electrode  potentials  of  aluminum  to 
solutions  of  its  salts  are  by  Neumann  (158)  and  are  rather  unsatis- 
factory in  view  of  the  fact  that  no  description  of  the  aluminum 
used  is  given.  He  found  the  following  values : 


Volts 

Electrode 
potential  « 

Al/nAl2(S04)s/nKCl/Hg 

+ 1.600 

+ 1.040 

Al/nAlCls/nKCl/Hg 

+1.575 

+1.015 

Al/rcAl(N08)8/nKCl/Hg 

+1.335 

+ .775 

“ Calculated  on  basis  of  «h=  0.560  for  the  normal  calomel  electrode  used. 


Aluminum  is  thus  markedly  electropositive  to  most  metals. 
Only  magnesium,  of  the  commoner  metals,  has  a higher  electro- 
lytic solution  potential. 

Burgess  and  Hambuechen  (144)  give  results  of  measurements 
of  the  electrolytic  emf  of  aluminum  to  various  solutions,  including 
many  acids. 

(d)  MAGNETIC  SUSCEPTIBILITY 

Aluminum  is  paramagnetic.  For  the  susceptibility  Honda  (159) 
has  furnished  probably  the  most  nearly  correct  value.  He  finds 
the  following  values  for  the  susceptibility  ( k ) at  180  C: 


Material 

Susceptibility  0) 

Kahlbaum  aluminum  in  rods  (Fe=0.80  per  cent) 

+0.695X10-6 

+ .685X10-6 

+ .65  X10-« 

Siemens -Halske  aluminum  in  wire  (Fe=0.42  per  cent) 

Neuhausen  A.  G.  aluminum  cast  (Fe=0.08  to  0.24  per  cent) 

The  susceptibility  diminished  from  + 0.695  Xio'6  at  180  C to 
+ 0.60  X 1 o~6  at  657°  C,  and  remained  sensibly  constant  up  to 
1050°  C. 

Honda’s  values  of  k are  the  lowest  yet  obtained.  Other  values 
are  by  Wills  (160),  Lombardi,  and  Koenigsberger. 

2.  THERMAL 

(a)  CHANGE  OF  STATE 

The  value  of  the  melting  or  freezing  temperature  of  aluminum 
is  taken  by  this  Bureau  (161)  as  658.7°  C.  This  Bureau  fur- 
nishes (see  Circular  No.  66)  samples  of  aluminum  (Fe  = o.i8, 
Si  = 0.15,  Al  = 99.66  per  cent)  as  one  of  its  standard  samples  for 
thermometric  fixed  points  and  having  the  melting  point  given 
above  (658.68). 
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There  is  a considerable  discrepancy  between  the  two  values  for 
the  boiling  point  of  aluminum  given  by  V.  Wartenberg  (163)  as 
over  2130°  C and  by  Greenwood  (162)  as  1800°  C.  The  latter 
value  may  be  accepted  probably  as  more  nearly  accurate,  but  it  is 
very  possibly  only  within  ± 50°  C of  the  correct  value.  The  form 
of  the  vapor  pressure  curve  is  not  known. 

The  heat  of  fusion  of  aluminum  may  be  taken  from  measure- 
ments by  Laschtschenko  (97)  as  approximately  64  cal/g.  The 
heat  of  vaporization  has  never  been  determined.  Richards  (14) 
calculates  it  to  be  61  480  cal/g.  (i.  e.,  “ about  23  times  the  temper- 
ature, absolute,  at  the  boiling  point”). 


(b)  THERMAL  CONDUCTIVITY 


Values  of  the  thermal  conductivity  of  aluminum  given  by  Tees 
(164)  at  o°  and  180  C as  well  as  for  lower  temperatures  (see  Sec.  VI) 
are  probably  the  most  accurate  recorded.  These  are: 


These  values  are  determined  on  a “99  per  cent  aluminum”, 
without  other  description.  Other  values,  by  Jaeger  and  Diesel- 
horst,  are  lower,  due  most  probably  to  a high  percentage  of  im- 
purity (including  copper,  0.36  per  cent)  in  the  sample  tested. 


(c)  THERMAL  EXPANSIVITY 


Three  important  series  of  measurements  of  the  linear  thermal 
expansivity  of  aluminum  have  been  made.  Two  of  these  at  least 
by  Dittenberger  (171)  and  by  this  Bureau,  were  carried  out  with 
sufficient  precision  of  measurement.  That  by  Brislee  (167)  was 
carried  out  with  the  purest  material.  Their  values  are  given 
below : 

Dittenberger  (A.  E.  G.  pure  aluminum) : 


between  o°  and  6io°  C 


i-  = (23-536  * + 0.017071  t2)  10-6 


0 


Brislee  (Si  = 0.25  per  cent,  Fe  = o.25  per  cent) : 


between  o°  C and  ioo°C 
A l / 24.50  t,  annealed\ 
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Bureau  of  Standards  (Si  = 0.45  per  cent,  Fe=o.35  per  cent) : 
between  150  C and  2950  C 

^=(22.31  £ + 0.01115  £2)io-6 
In 


In  the  absence  of  further  measurements  it  is  impossible  to  choose 
between  these  values.  It  is  probable  that  small  amounts  of  im- 
purities have  a considerable  effect  on  the  thermal  expansivity, 
explaining  the  divergence  of  the  results. 

TYirti 

Henning  (170)  obtains  the  value,  —3.799  of  the  quantity, 

— at  — 1910  C 

t'O 

for  the  same  sample  of  aluminum  used  by  Dittenberger.  This  value 
is  much  lower  than  that  calculated  from  Dittenberger’s  formula 
/ mm\ 

(4’882  ~m  / 

(d)  SPECIFIC  HEAT 


The  most  accurate  data  on  the  specific  heat  of  aluminum  are 
given  by  Jaeger  and  Dieselhorst  (151).  They  give  two  values  for 
an  aluminum  containing  0.48  per  cent  Fe,  0.36  per  cent  Cu  (Si  not 
determined) , of  a mean  specific  heat  over  a very  small  temperature 


interval,  practically  the  true  specific  heat,  as  follows : 


% (180  C)  =0.2143  ( ^ 

dt  ^ \gram,  degrees  C/ 

^ (100 0 C)  =0.2228  (- ^ 

dt  \gram,  degrees  C/ 

Brislee  (172)  by  calorimetric  measurements  determined  the 
mean  specific  heat  of  99.6  per  cent  aluminum  to  be: 

From  300  to  2o°C:«rm  = 0.2354  (gram/ degrees  C) 

From  200  to  2o°C:(rro  =of2240  ( 

\gram,  degrees  C/ 

From  these  results  the  equations  are  deduced: 


dq 

dt 


(from  1 8°  to  ioo°C)  =0.2124  + 0.000104 1 (Jaeger  and  Dieselhorst) 


dq 

dt 


(from  o°  to  300°C)  =0.2012  +0.000228  t (Brislee) 
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The  former  value  for  the  true  specific  heat  is  probably  more 
accurate,  at  least  at  temperatures  of  from  o to  ioo°  C than  the 
latter,  although  Brislee  used  a purer  aluminum. 

Laschtschenko’s  results  on  the  mean  specific  heat  of  aluminum 
between  higher  and  ordinary  temperatures  indicate  that  the  total 
heat  per  gram  of  aluminum  from  o to  658°  C,  the  melting  point, 
is  187  calories. 

3.  OPTICAL 

The  absorption  index  and  the  refractive  index  for  aluminum 
(no  further  description  given)  have  been  given  by  Drude  (179). 

N (for  X =0.589)  =1.44 
K (for  X = 0.589)  =5.32 

The  reflecting  power  of  this  metal  is  given  by  Drude  (loc.  cit.) 
as  83  per  cent  for  X = 0.583,  and  by  Coblentz  (178)  as  68.5  per  cent 
for  X=o.6o. 

4.  MECHANICAL 

(a)  ELASTICITY 

The  best  values  for  E,  the  (Young’s)  modulus  for  elasticity  are 
given  by  Brislee  (181)  for  99.3  per  cent  aluminum  bars  and  wire. 
This  mean  value  is : £ = 9810  000  pounds  per  square  inch  at  1 7 0 C ; 
for  bars,  £ = 9840000  pounds  per  square  inch;  for  wire,  E = 
9 790  000  pounds  per  square  inch. 

Koch  and  Dannecker  (180)  give  the  following  values  for  the 
modulus  (F)  of  torsion  (E  = (approximately)  2.72  F)  at  higher 
temperatures : 


Temperature 
in  degrees 
centigrade 

Modulus  of  tor- 
sion in  pounds 
per  square  inch 

20 

3 870  000 

100 

3 730  000 

200 

3 450  000 

300 

3 100  000 

400 

2 630  000 

450 

2 030  000 

500 

680  000 

Poisson’s  ratio  (/ l ) is  given  by  Cardani  (183)  as  0.363  and  by 
Schaefer  as  0.359.  A mean  value  of  0.36  may  be  accepted. 
(Katzenelsohn  finds  that  g.  increases  15.7  per  cent  between  o and 
ioo°  C.) 

(b)  TENSILE  TEST 

Aluminum  may  best  be  “normalized”  by  mechanical  working 
(rolling,  drawing,  forging)  followed  by  annealing  at  about  400°  C. 
In  this  soft  state  it  possesses  the  mean  tensile  properties  following. 
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Pounds  per 
square  inch 

Kilograms  per 
square 
millimeter 

Per  cent 

Tensile  strength 

12  500-15  000 

8 000-  9 000 

8. 78-10. 54 

5. 52-  6. 32 

Yield  point 

Elongation  in  2 inches 

10-40 

20-30 

Reduction  of  area 

1 

1 

1 

Table  4 will  give  an  idea  of  the  tensile  properties  of  this  metal 
in  other  forms. 


TABLE  4. — Tensile  Properties  of  Aluminum  a 


Form 

Tensile  strength 

Yield  point 

Elongation 
in  2 inches 

Reduction 
of  area 

Lbs./in.2 

Lbs./in.2 

Per  cent 

Per  cent 

Sand  cast 

11  000-13  000 

8 500 

15-25 

Chill  cast 

12  000-14  000 

9000 

15-25 

Sheet: 

Annealed 

12  000-15  000 

8000-  9000 

12-35 

20-30 

Half -hard 

18  000-22  000 

9000-12  000 

5-12 

20-30 

Hard 

22  000-35  000 

12  000-25  000 

1-  7 

20-30 

12-gage 

25  000 

7 

16-gage 

28  000 

5 

20-gage 

30  000 

3 

Bars  (hard) 

28  000-35  000 

14  000-23  000 

30-40 

Wire  (hard) 

25  000-55  000 

16  000-33  000 

40-50 

40-mil 

31  000 

80-mil 

28  000 

120-mil 

25  000 

200-mil 

22  000 

o These  figures  are  by  the  Aluminum  Co.  of  America  (12),  and  others. 


Gavey  (194)  has  found  that  the  duration  of  application  of  stress 
has  a marked  effect  on  the  ultimate  tensile  stress.  Hard-drawn 
aluminum  wires  which  had  been  in  service  as  electrical  conductors 
for  a few  months  and  had  become  somewhat  corroded  showed  the 
following  ultimate  tensile  stress: 


Time  of  application  of  ultimate  breaking  load 

Breaking 

load 

Tensile 
strength  a 

Ordinary  tensile  test 

Pounds 

325 

300 

280 

240 

220 

Lbs./in.2 

25  300 

23  300 

21  800 

18  700 

17  100 

One -half  hour 

5 hours 

118  hours 

525  hours 

1900  hours  t>_  

« Wire  weighed  75  pounds  per  mile  and  was  apparently  No.  10  British  wire  gage.  The  values  in  column 
3 are  calculated  on  this  basis. 

& Not  broken  but  still  stretching. 
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(c)  COMPRESSION  TEST 

The  behavior  of  aluminum  in  compression  is  described  by  the 
Aluminum  Co.  of  America  (12)  as  follows:  Elastic  limit  6000 
to  25  000  lbs. /in.2;  ultimate  strength  16  000  to  100  000  lbs./in.2 

Elmendorf  (187)  finds  an  average  value  (11  tests)  of  67000 
lbs./in.2  for  the  ultimate  strength  of  cast  aluminum. 

(d)  HARDNESS 

The  scleroscope  hardness  (magnifying  hammer)  of  annealed  or 
of  cast  aluminum  varies  from  4 to  6.  The  hardness  of  cold-rolled 
sheets  is  increased  to  from  13  to  15;  the  Brinell  hardness  (500  kg, 
10  mm  ball,  30  seconds)  of  cast  aluminum  varies  from  23  to  28. 

(e)  DUCTILITY  (ERICHSEN  TEST) 

The  ductility  of  soft  annealed  aluminum  sheets,  such  as  are 
used  for  stamping  and  drawing,  is  well  indicated  by  the  Erichsen 
test.  Average  Erichsen  values  (185,  186)  are  given  below  for 
different  gages  of  commercial  aluminum  sheets : 


B.  & S.  gage 

Thickness 
in  inches 

Erichsen 

value 

B.  & S.  gage 

Thickness 
in  inches 

Erichsen 

value 

28 

0.0126 

.0159 

.0201 

.0253 

.0319 

5. 5- 7. 5 

7. 0-8.0 

7. 0- 8.0 

7. 0- 8. 5 

7. 5- 9.0 

18 

0.0403 

.0508 

.0640 

.0808 

.1018 

8.0-  9.5 

9.0- 10.5 

10.0- 11.5 

10.5-12.0 

11.0- 12.5 

26 

16 

24 

14 

22 

12 

20 

10 

(f)  ALTERNATING  STRESS  TEST 

The  only  tests  of  which  results  are  published  are  those  on  the 
White-Souther  machine  by  Elmendorf  (187)  on  cast  aluminum  of 
tensile  strength  averaging  15  000  pounds  per  square  inch.  He 
finds  the  following  relation : 

5 = 48  oooA-0'0113. 
where  5 = fiber  stress. 

R = number  of  reversals  to  rupture. 

This  gives  for  10  000  pounds  per  square  inch  fiber  stress  one 
million  reversals,  for  7800  pounds  per  square  inch,  ten  million 
reversals. 
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5.  MISCELLANEOUS 

(a)  DENSITY 

Seven  samples  of  hard-drawn  wire  of  from  99.52  to  99.60  per 
cent  aluminum  tested  at  this  Bureau  averaged  2.6991  in  density, 
ranging  from  2.6983  to  2.6996  (149).  Brislee  (141,  142)  has 
shown  that  the  density  of  aluminum  depends  upon  the  heat 
treatment  and  amount  of  mechanical  working  it  has  suffered. 
He  found  that  the  mean  increase  of  seven  samples  of  density  of 
cold-worked  metal  upon  annealing  was  0.0017,  or  0.063  Per  cent. 


Fig.  5. — Effect  of  temperature  on  the  atomic  heat  of  aluminum.  (Nemst,  197) 


Annealed  aluminum  may  be  regarded  as  having  a density  of  2.702 
and  cold- worked  or  hard  aluminum,  one  of  2.700. 

V.  PHYSICAL  PROPERTIES  AT  HIGHER  AND  LOWER 
TEMPERATURES 

Niccolai  (203)  has  determined  the  specific  electrical  resistivity 
of  aluminum  at  temperatures  from  — 189  to  400°  C.  His  values 
are  given  in  Table  5 and  plotted  in  Fig.  6.  Lees  (164)  also  gives 
similar  values  for  the  electrical  resistivity  at  lower  temperatures. 
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TABLE  5.— Effect  of  Temperature  on  the  Electrical  Resistivity  of  Kahlbaum 
Aluminum  (Niccolai,  203) 


Tempera- 
ture in 
degrees 
Centigrade 

Electrical 
resistivity 
in  mi- 
crohms per 
cubic 
centimeter 

Tempera- 
ture in 
degrees 
Centigrade 

Electrical 
resistivity 
in  mi- 
crohms per 
cubic 
centimeter 

—189 

0.641 

+125 

4. 192 

-175 

.795 

+150 

4.496 

-150 

1.038 

+175 

4. 827 

-125 

1.  282 

+200 

5.172 

-100 

1.535 

+225 

5.518 

- 75 

1. 782 

+250 

5.850 

- 50 

2. 067 

+275 

6.  204 

- 25 

2. 321 

+300 

6. 559 

± 0 

2.618 

+325 

6. 917 

+ 25 

2.925 

+350 

7.  274 

+ 50 

3. 237 

+375 

7. 638 

+ 75 

3. 562 

+400 

7.991 

+100 

3.  858 

Lees  (164)  gives  the  following  values  for  the  thermal  conduc- 
tivity of  99.0  per  cent  aluminum: 


Tempera- 
ture in 
degrees 
Centigrade 

Thermal 
conduc- 
tivity in 
calories 
per  second 
per  cubic 
centimeter 
per  1°  C 

Tempera- 
ture in 
degrees 
Centigrade 

Thermal 
conduc- 
tivity in 
calories 
per  second 
per  cubic 
centimeter 
per  1°  C 

-170 

(0. 524) 

- 75 

(0. 493) 

—160 

.514 

- 50 

.496 

-150 

.508 

- 25 

.499 

-125 

.491 

0 

.502 

—100 

.492 

+ 18 

.504 

The  effect  of  low  temperatures  upon  the  atomic  heat  of  alumi- 
num is  shown  in  the  Fig.  5 from  data  by  Nemst  (200) . 

The  total  heat  of  aluminum  at  higher  temperatures  has  been 
measured  by  Laschtschenko  (97)  from  t°  to  240  C.  His  results 
are  plotted  in  Fig.  7. 

Investigation  has  been  made  by  Breuil  (202),  Baumann  (199), 
and  Bengough  (198)  of  the  effect  of  temperature  on  the  tensile 
properties  of  aluminum.  Their  results  are  shown  in  the  Tables 
6,  7,  and  8 and  in  Fig.  8.  The  variation  in  the  results  is  due,  in 
all  probability,  to  the  difference  in  the  speed  of  testing,  which  has 
undoubtedly  much  effect  on  the  results  obtained. 
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Fig.  6. — Effect  of  temperature  on  electrical  resistivity  of  aluminum.  (Niccolai,  203) 


TABLE  6. — Tensile  tests  of  Hard-drawn  Aluminum  Tubes,  (Breuil  202) 

EFFECT  OF  ANNEALING  a 


Tensile  properties 

Temperature  of  anneal  in  degrees  centigrade 

Tensile 

strength 

Yield  point 

Elongation 
in  2.7 

centimeters 

Reduction 
of  area 

Hard 

Lbs./in.2 

31  600 

Lbs./in.2 
30  900 

Per  cent 

4.0 

Per  cent 

18 

100 ' 

35  800 

31  600 

6.6 

15 

200 

31  600 

18  100 

5.6 

31 

300 

21  600 

15  000 

22.2 

42 

EFFECT  OF  TEMPERATURE  ON  PROPERTIES 


31  600 

30  800 

4.0 

18 

29  900 

29  900 

9.6 

24 

20  800 

15  800 

22.2 

41 

10  100 

10  100 

31.4 

35 

a Tubes  were  annealed  in  oil  (time  not  given)  and  tested. 


Aluminum  and  its  Light  Alloys 


27 


300 

260 

§ 

& 

u 

<D 

« 200 

03 

<0 

•H 

U 

O 

•3 

0 

c 

1 160 

•V* 

•H 

+> 

S 

S 

5 120 

B 

eo 

x 

/ 

Total  heat  In  aluminum  between 

t®0  and  24°C  (Laeobtsobenko) 

rr 

1 

« 

1 

1 

; 

1 

1 

Jo'  1 

1 

/ ' 

So 

- 

300  400  500  600°C 

Temperature 
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Fig.  8. — Effect  of  temperature  on  the  tensile  properties  of  aluminum 
Curves  i for  an  unannealed  sample  containing  99.56  per  cent  aluminum,  by  Bengough  (198).  Curves  2 for  an  annealed  sample,  by  Baumann  (199) 
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TABLE  7. — Tensile  Tests  of  Aluminum  Bars  at  Higher  Temperatures  a (Baumann 

199) 

ANNEALED 


Tensile  strength 


Temperature  in  degrees  centigrade 

Tensile 

strength 

Elongation 
in  5 centi- 
meters (1.97 
inches) 

Reduction 
of  area 

20 

Lbs./in.2 

14  000 

12  600 

Per  cent 
43.3 

49.9 

Per  cent 

64.5 

71.9 

76.6 

87.2 

60 

100 

9860 

66.8 

200 

5980 

78.1 

300 

3360 

79.8 

92.8 

NOT  ANNEALED 

20 

19  900 

16.3 

43.7 

100 

13  700 

35.8 

66.0 

200 

9230 

44.7 

76.9 

300 

4270 

59.9 

83.7 

a These  tests  were  made  on  99  per  cent  aluminum  bars  17,  12,  8,  and  4 mm.  thick.  The  values  given 
are  averages  of  the  results  for  the  bars  of  the  four  thicknesses. 


TABLE  8. — Effect  of  Temperature  on  the  Tensile  Properties  of  Aluminum  a (Ben- 

gough,  198) 


Temperature  of  test  in  degrees  centigrade 

Te 

Tensile 

strength 

nsile  propert: 

Elongation 
in  2 inches 

ies 

Reduction 
of  area 

Lbs./in.2 

Per  cent 

Per  cen 

20 

19  200 

11 

75 

20.  . 

19  200 

12 

75 

200 

14  100 

15 

78 

275..  . 

11  100 

17.2 

79 

330 

7 600 

20.3 

88 

375 

3 800 

25 

88 

396  . 

2 150 

56 

90 

65 

96 

520  

900 

68.5 

( b ) 

565  

540 

70.3 

(b) 

660 

75.0 

(&) 

420 

39.0 

92 

a The  metal  tested  contained  99.56  per  cent  aluminum. 
b Reduction  of  area  to  finest  possible  point. 


VI.  TECHNOLOGY 

1.  CASTING 

Practically  no  aluminum  is  poured  into  sand  or  even  chill  cast- 
ings to-day  except  for  the  production  of  rolling  or  melting  ingots. 
“Aluminum”  castings  are  made  of  an  alloy  of  aluminum  with 
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copper,  zinc,  or  other  metal.  The  subject  of  casting  alloys  of 
aluminum  is  discussed  in  Section  IX-i. 

For  rolling  and  drawing,  aluminum  is  heated  without  flux  in 
reverberatory  or  in  crucible  furnaces  and  poured  into  chill  molds. 
Care  is  taken  in  melting  to  keep  the  temperature  below  8oo°  C. 
Above  this  temperature  the  aluminum  absorbs  gas,  oxidizes,  and  a 
porous  ingot  may  result.  The  melting  is  usually  done  at  from  725 
to  750°  C.  Quick  cooling  in  the  chill  ingot  molds  is  very  necessary 
in  order  to  secure  a fine  grain  and,  consequently,  good  mechanical 
properties,  as  well  as  ease  of  hot  rolling.  When  starting  to  pour  a 
chill  mold  for  rolling  ingots  the  mold  is  held  at  an  angle,  such  that 
the  metal  flows  down  one  side  and  does  not  splash.  During  the 
pouring  the  mold  is  continually  and  slowly  tilted  into  the  vertical 
position.  In  this  manner  cold  shuts  and  similar  flaws  are 
prevented. 

2.  WORKING 

Sheet  aluminum  is  usually  rolled  from  one  of  the  standard  rolling 
ingots  (see  p.  6).  The  ingots  are  reheated  after  casting  to  about 
400°  C and  rolled  down  hot  in  from  10  to  12  passes  to  a sheet, 
one-fourth  to  three-eighths  inch  thick.  This  is  then  rolled  cold  to 
gage  without  intermediate  annealing.  Sheet  as  thin  as  0.0005 
inch  may  be  rolled ; this  is  of  course  foil.  If  soft  sheet  is  desired, 
the  cold-rolled  sheet  is  annealed,  generally  at  from  375  to  400°  C 
for  18  to  30  hours,  and  cooled  in  air. 

Rods  and  wire  are  first  hot  rolled  and  then  drawn  cold  to  size, 
the  methods  differing  but  little  from  those  in  vogue  for  copper. 
Wire,  for  example,  may  be  rolled  hot  from  a square  section  billet 
weighing  about  85  pounds  (usually  about  4 inches  square  in  section 
and  5 or  6 feet  long),  to  from  one-half  to  three-eighths  inch. 
These  rods  are  drawn  cold  to  the  wire  sizes  desired.  Sometimes, 
particularly  in  European  practice,  all  of  the  rolling  is  done  cold 
instead.  Tallow  is  used  as  a lubricant,  and  the  wire  may  be  drawn 
at  from  150  feet  (initial)  to  600  feet  per  minute  final  speed. 

Tubes  are  made  by  the  cupping  of  plates,  followed  by  drawing 
on  the  press,  and  then  on  the  standard  draw  bench.  This  is  done 
cold  with  intermediate  annealing  if  necessary. 

Sections,  rods,  and  tubes  are  also  made  by  extrusion  at  higher 
temperatures  (about  400 0 C) , by  hydraulic  pressure.  Sections  up 
to  6 inches  in  diameter  are  made  in  this  manner  with  wall  thick- 
nesses as  small  as  one-eighth  inch.  Continuous  tubing  may  be 
made  also  by  this  method. 
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Aluminum  is  very  readily  stamped,  drawn,  and  spun.  Cooking 
utensils  and  vessels  of  various  kinds  are  produced  by  spinning 
annealed  aluminum  sheet.  “ In  thicknesses  above  No.  20  B.  & S. 
gage,  aluminum  will  take  a draw  of  from  one-fourth  to  one-third 
more  depth  than  will  copper,  brass,  or  steel”  (10). 

Aluminum  foil,  0.0005  inch  in  thickness  may  be  still  further 
beaten  into  aluminum  leaf  almost  as  fine  as  gold  leaf. 

Pure  aluminum  is  not  readily  machined — the  metal  drags,  the 
tools  do  not  cut  but  tear,  and  files  are  “ smeared  ” with  the  metal. 
The  alloys  of  aluminum  are  much  more  readily  machined,  par- 
ticularly the  casting  alloys.  For  the  metal  and  its  alloys  the  tool 
should  be  sharp,  with  a good  clearance,  as  for  wood,  and  the  cut 
should  be  light  and  made  under  a suitable  oil,  such  as  lard  oil  or 
the  same  mixed  with  three  parts  of  benzine.  A cutting  speed 
somewhat  greater  than  that  used  for  brass  is  suitable. 

3.  WELDING  AND  SOLDERING 

Aluminum  can  be  both  soldered  and  welded,  the  latter  by  sev- 
eral different  processes.  In  both  cases  a principal  difficulty  con- 
sists in  the  removal  of  the  layer  of  oxide  before  the  metal  can  flow 
together. 

Aluminum  may  be  welded  by  any  of  the  different  commercial 
processes.  Aluminum  sheet  is  generally  welded  by  the  oxy- 
acetylene  or  oxy-gas  torch,  the  edges  being  butted  for  all  but  light 
gages,  for  which  they  are  lapped  or  flanged.  A flux  should  be 
used  for  sheet  welding,  and  consists  of  a mixture  in  varying  pro- 
portions of  the  chlorides  and  fluorides  of  sodium,  potassium, 
lithium,  aluminum,  and  calcium.  A few  typical  compositions  of 
fluxes  are  given  in  Table  9 below.  These  fluxes  should  be  finely 
powdered  and  before  using  moistened  down  with  alcohol. 


TABLE  9. — Composition  of  Welding  Fluxes  (Pannell,  43,  and  Others) 


Sodium 

chloride 

Sodium 

fluoride 

Sodium 

sulphate 

Lithium 

chloride 

Potas- 

sium 

chloride 

Potas- 

sium 

fluoride 

Potas- 

sium 

sulphate 

Calcium 

chloride 

Cryolite 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

1 

30 

3 

15 

45 

7 

2 

33 

33 

33 

3 

12.5 

30.8 

62.5 

4.0 

4 

16 

79 

5.0 

5 

17 

83 

6 

6.5 

4.0 

23.5 

56 

10 

7 

60 



30 

6 
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The  flame  must  not  be  held  so  close  to  the  work  as  in  steel 
welding,  and  a slightly  reducing  flame  is  to  be  used.  A feeding 
stick  of  the  same  composition  should  be  used.  If  the  joint  edges 
are  flanged,  a feeding  stick  is  not  necessary. 

Castings  may  be  welded  in  the  same  manner,  except  that  it  is 
not  necessary  to  use  a flux,  although  results  are  generally  better 
when  it  is  used.  The  casting  should  be  well  supported,  so  that 
no  stress  comes  upon  the  welded  joint  while  it  is  hot,  as  the  metal 
is  fragile  and  brittle  at  a temperature  little  below  the  melting  point. 

In  arc -welding  work  on  castings  the  latter  should  preferably  be 
preheated  in  order  that  internal  stresses  caused  by  shrinkage  are 
not  left  in  the  welded  casting  when  cool. 

Arc  welding  may  also  be  used  for  repair  work  on  castings,  but  it 
is  not  used  for  sheet  and  thin  work. 

Rods  and  wires  are  best  butt  welded  by  a combined  heating  and 
pressure  method.  The  older  methods  of  Heroult  and  of  Cowper- 
Coles  consisted  in  squaring  off  the  ends  of  bars,  heating  these  ends 
to  about  400°  C,  and  bringing  them  together  and  hammering  them 
(Heroult),  or  under  pressure  (Cowper-Coles) . The  electric-resist- 
ance, butt-welding  machines  have,  however,  furnished  a much 
more  suitable  means  of  heating  and  applying  pressure  than  the 
older  processes,  and  are  in  general  use. 

Spot  welding  of  sheet  aluminum  has  been  done,  but  does  not 
seem  to  give  as  reliable  a joint  as  the  oxy-acetylene  process. 

Welding,  chiefly  oxy-acetylene,  is  now  quite  widely  practiced, 
both  on  aluminum  castings  and  on  sheet.  Large  numbers  of 
welded  aluminum  vessels,  pans,  and  containers  of  various  sorts  are 
manufactured  each  year.  The  welds  are  in  most  cases  so  perfect 
that  they  can  not  be  detected  in  the  finished  article.  However, 
the  welding  of  aluminum  by  any  of  the  above  methods  is  not  easy, 
and  requires  experience.  Welders  familiar  only  with  iron  and 
steel  work  will  generally  make  a complete  failure  of  their  first 
aluminum  work. 

Although  welding  is  the  only  process  to  be  recommended  for 
joining  aluminum  when  the  joint  must  have  strength  and  is  exposed 
to  the  weather,  it  may,  in  many  instances,  be  advisable  to  solder 
aluminum  articles  instead  of  welding  them.  The  application  of 
solder  is  easier,  requires  no  especially  skilled  operator,  and  the 
temperature  of  application  is  not  so  high  as  to  cause  buckling  or 
distortion  in  the  welded  piece.  On  the  other,  hand,  the  metals 
used  in  such  solders  are  all  electronegative  to  aluminum.  A sol- 
dered joint  is  rapidly  attacked  by  water  or  moisture,  the  joint 
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becoming  completely  disintegrated  in  a short  time.  Only  when 
the  joint  may  be  varnished  or  protected  or  for  very  heavy  joints 
where  slight  corrosion  would  not  be  serious  should  solder  be  used. 

It  would  be  useless  to  give  a list  of  all  of  the  recommended  solders 
for  aluminum  now  on  the  market.  They  consist  for  the  most  part 
of  varying  mixtures  of  zinc,  tin,  and  aluminum,  of  which  Table  io 
will  give  some  typical  examples  of  those  most  generally  used. 
Some  mixtures  contain  copper,  lead,  bismuth,  antimony,  and  iron, 
the  function  of  which  is  certainly  not  clear;  in  fact,  these  metals 
are  probably  harmful. 

TABLE  10. — Chemical  Composition  of  Some  Aluminum  Solders 


Reference 

Chemical  composition 

Zinc 

Tin 

Alumi- 

num 

Lead 

Copper 

Cad- 

mium 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 

Burgess  and  H a m - 

21 

76 

3 

! 

buechen  (144). 

Richards  (256) 

31 

63 

3 

3 per  cent  phosphor-tin. 

Auel  (234) 

35 

63 

.25 

2 

Wiist 

50 

30 

20 

Do 

65 

20 

15 

Do  

80 

12 

8 

Do  

85 

9 

6 per  cent  brass. 

Do  

88 

7 

5 per  cent  brass. 

Do 

90 

6 

4 per  cent  brass. 

Do  

94 

4 

2 

Bates  (255)  

30 

70 

Do  

81 

19 

Do 

20 

70 

10 

Stirling  

15.  2 

61.  6 

11.  2 

8.3 

2.5 

1.2  per  cent  antimony. 

Roesch 

50.  2 

48.  6 

.2 

I 

0.7  per  cent  antimony. 

Crown 

18 

63 

13 

1 

3 

1 

2 per  cent  antimony. 

So-Luminum 

33 

55 

11 

1 

Seifert 

21 

73 

5 

1 per  cent  phosphor-tin. 

Bureau  of  Standards: 

SN  1 

8 

78 

9 

5 

SN  3 

9 

86 

5 

0.25  per  cent  phosphorus. 

SN  4 

9 

86 

5 

Zn  1 

75 

5 

20 

Geophysical  laboratory, 

Carnegie  Institution 

90 

6 

4 

Solder  is  best  applied  without  a flux.  The  edges  of  the  alumi- 
num are  filed  clean  and  tinned  with  the  solder,  which  should  be 
thoroughly  rubbed  into  the  surface  with  a wire  brush  or  with  waste. 
The  joint  is  then  readily  made  in  the  usual  manner  between  the 
tinned  surfaces,  using  an  iron  if  necessary. 

74699°— 19 3 
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4.  ELECTROLYTIC  DEPOSITION 

The  deposition  of  aluminum  from  a bath  of  its  fused  salts  has 
already  been  described  under  Section  I-i . The  electrolytic  sepa- 
ration of  aluminum  from  its  aqueous  solutions  can  be  effected  but 
the  current  efficiency  is  very  low  and  the  metal  not  adherent.  It 
is  therefore  never  done  commercially. 

The  electroplating  of  other  metals  on  aluminum  is  of  somewhat 
more  importance,  but  this  operation  is  also  attended  with  the 
greatest  difficulty,  due  to  the  high  chemical  reactivity  of  the  metal. 
The  principal  difficulties  are:  (i)  The  thorough  cleansing  of  the 
surface  of  the  aluminum,  and  (2)  the  securing  of  an  initial  layer  of 
electro-deposited  metal  which  is  adherent.  Aluminum  behaves 
in  this  respect  in  a manner  much  similar  to  iron. 

There  are  a number  of  patents  claiming  the  accomplishment  of 
these  two  operations.  The  firm  of  Mix  & Genest  has  given  a great 
deal  of  attention  to  this  problem  and  describe  in  their  patents  a 
number  of  processes  for  the  preparation  of  the  metal  for  the 
plating  bath.  Some  of  them  are : 

(1)  The  use  of  hot  or  cold  sodium  hydroxide  solution. 

(2)  The  use  of  halogen  acids  with  the  addition  of  alcohol, 
glycerin,  etc. 

(3)  The  use  of  gelatine  in  a hot  dilute  alkaline  bath  (borax, 
sodium  phosphate,  etc.). 

(4)  The  use  of  glycerin  with  potassium  carbonate,  alkali 
phosphate,  etc. 

Canac  and  Tassilly  (258)  describe  a long  process  depending  on 
the  cleaning  of  the  aluminum  with  potassium  hydroxide  or  carbon- 
ate (KOH  or  K2C03),  brushing  with  milk  of  lime,  dipping  in 
2 per  cent  potassium  cyomide  solution  (KCN),  dipping  in  a solu- 
tion (A)  of  500  g hydrochloric  acid  (HC1) , 500  g water,  and  1 g iron, 
followed  by  washing  and  repetition  alternately  of  dipping  in  solu- 
tion (A)  and  water  until,  as  they  claim,  an  adherent  coating  of 
iron  has  been  produced  upon  the  aluminum,  upon  which  copper  or 
any  other  metal  may  then  be  deposited  in  the  usual  manner. 

The  present  processes  for  electroplating  aluminum  are  not  satis- 
factory. An  adherent  layer  is  not  produced.  Furthermore,  the 
electrodeposition  of  metals  upon  aluminum  as  a measure  of  pro- 
tection against  corrosion  is  of  most  doubtful  value,  since  a layer 
of  all  metals  electronegative  to  it  protects  only  mechanically,  and 
actually  by  galvanic  action  accelerates  corrosion  once  the  layer 
is  pierced,  whereas  metals  electropositive  to  aluminum  are  too 
readily  corroded  to  effect  any  protection  to  it.  Much  better  pro- 
tection is  afforded  by  a varnish  or  a paint.  (See  Sec.  III-i-(a).) 
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5.  MISCELLANEOUS 

(a)  FINISH 

Aluminum  is  given  several  types  of  finish.  The  two  most 
important  are  the  polished  and  the  satin  finish.  The  former  is 
obtained  in  the  usual  manner  by  buffing  with  rouge.  The  latter 
is  obtained: 

1.  By  Caustic  Dipping. — The  metal  is  cleaned  in  benzine, 
dipped  in  boiling  concentrated  caustic  soda,  washed,  dipped  in 
hot  strong  nitric  acid,  washed  in  boiling  water,  and  dried  very 
quickly. 

2.  By  Scratch  Brushing. — The  metal  is  carefully  freed  from 
grease  and  then  brushed  on  the  wire-brush  wheel. 

(b)  GRANULATING 

Granulated  aluminum  has  been  used  in  the  manufacture  of 
steel.  It  is  made  by  pouring  molten  aluminum  in  thin  streams 
into  cold  water,  which  is  stirred.  The  metal  may  for  this  purpose 
be  poured  through  a sieve. 

(c)  CALORIZING 

Ruder  (45)  describes  a process  of  coating  metals  with  aluminum 
by  heating  in  a mixture  of  aluminum  and  aluminum  oxide  at 
higher  temperatures.  This  is  accomplished  at  from  700  to  8oo°  C 
for  copper  and  from  900  to  950°  C for  iron  and  steel.  The  layer 
formed  varies  from  0.025  per  cent  to  0.010  mm  in  thickness. 

(d)  APPLICATION  OF  ALUMINUM  BY  SCHOOP  PROCESS 

Aluminum  has  been  applied  by  the  Schoop  process. 

(e)  ALUMINUM  POWDER 

Aluminum  powder  for  painting  and  the  thermite  reaction  is 
produced  by  rubbing  foil  through  a metal  sieve  under  molten  fat. 

VII.  THE  PROPERTIES  OF  ALUMINUM  AS  AFFECTED  BY 
MECHANICAL  WORK  AND  BY  HEAT  TREATMENT 

When  aluminum  is  cold  worked,  the  hardness  or  tensile  strength 
is  increased  and  the  ductility  or  elongation  in  the  tensile  test 
decreased.  The  manner  in  which  these  properties  vary  with 
different  amounts  of  cold  working  is  shown  in  Fig.  9,  drawn  from 
data  kindly  supplied  by  the  Aluminum  Co.  of  America  from 
tests  on  cold-rolled  sheet. 

The  Shore  scleroscope  hardness  number  (magnifying  hammer) 
increases  also  from  5 to  6 for  annealed  aluminum  sheet  to  from 
1 5 to  20  for  hard  sheet. 
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Fig.  9. — The  effect  of  cold  working  on  the  tensile  properties  of  aluminum  sheet;  taken  from 
the  data  of  the  Aluminum  Co.  of  America 

The  abscissas  represent  the  ratio  of  the  thickness  of  the  sheet  tested  to  that  of  the  original  annealed  sheet 
from  which  it  was  rolled.  The  curves  represent  the  average  of  15  tests  of  sheet  rolled  from  12,  14,  and  16 
gage  annealed  sheet.  The  portion  of  the  curve  beyond  a ratio  of  30  per  cent  (i.  e.,  between  30  per  cent 
and  o)  is  drawn  from  results  of  tests  of  22,  24,  and  26  gage  sheet  drawn  without  annealing  from  K to  H 
inch  hot-rolled  sheet. 
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Annealing  produces  a recrystallization  and  softening  of  the 
metal.  Only  recently  Carpenter  and  Taverner  (205)  have  made 
a systematic  study  of  the  rate  of  softening  of  aluminum  sheet  by 
annealing  at  different  temperatures.  They  used  sheet  cold  rolled 
to  0.125  inch  (probably  from  inch,  but  the  exact  amount  of 
cold  reduction  was  not  known  to  the  authors)  of  four  materials 
of  the  following  average  analysis:  Silicon,  0.75  per  cent  (0.70  to 

0.81  per  cent) ; iron,  0.34  per  cent  (0.34  to  0.36  per  cent) ; copper, 
0.03  per  cent. 

A general  idea  of  the  results  of  their  tests  is  gained  from  Figs. 
10  and  11.  The  principal  facts  developed  by  this  investigation 
are: 

1 . The  hardness  caused  by  mechanical  work  is  lost  very  rapidly 
upon  annealing  at  from  300  to  500°  C.  The  same  final  tensile 
strength  of  about  1 2 700  pounds  per  square  inch  is  obtained  in  all 
cases. 

2.  The  softening  is  most  marked  within  the  first  portion  of  the 
annealing  period. 

3.  No  hardening  by  annealing  was  noticed,  as  in  the  case  of 
copper  and  brass. 

4.  Below  300°  C the  decrease  in  hardness  is  very  slow  but  occurs 
within  the  temperature  range  100  to  200°  with  no  increase  of 
ductility. 

The  authors  did  not  study  the  effect  of  previous  cold  reduction 
on  the  rate  of  softening  by  annealing,  but  there  is  no  doubt  but 
that  the  extent  of  this  reduction  has  a great  effect  upon  the 
annealing  of  the  metal,  as  has  been  shown  to  be  the  case  with 
copper. 

Some  annealing  tests  on  aluminum  tubes  are  described  by 
Breuil  (202). 

B.  LIGHT  ALUMINUM  ALLOYS 
VIII.  INVESTIGATION  OF  ALLOY  SERIES 
1.  ALUMINUM-COPPER 

The  constitution  of  these  alloys  has  been  studied  by  Gwyer 
(375) , Carpenter  and  Edwards  (378),  Curry  (379),  and  Guillet 
(381,  382).  On  the  aluminum  side  of  the  constitution  diagram  a 
compound,  CuA12,  is  formed  which  is  partially  soluble  in  alumi- 
num. The  exact  solubility  has  not  been  determined,  but  is 
undoubtedly  not  far  from  3 per  cent  of  copper.  The  eutectic  of 
aluminum  and  CuA12  is  at  32  per  cent  copper  and  545 0 C.  No  ther- 
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Fig.,  ii — The  annealing  of  cold-worked  aluminum.  (Carpenter  and  Taverner,  205) 
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mal  transformations  have  been  noticed  below  the  eutectic  tem- 
perature. 

The  principal  research  on  this  series  of  alloys  is  that  by  Car- 
penter and  Edwards  (loc.  cit.),  who  in  addition  to  their  studies  of 
the  constitution  of  this  system  contribute  results  of  mechanical 
and  corrosion  tests,  which  are  given  below. 

The  tensile  properties  of  these  alloys  as  sand  and  chill  cast  are 
shown  in  Figs.  12  and  13.  It  is  noted  that  the  tensile  strength 
of  the  alloy  increases  with  the  increase  of  copper  content.  The 
alloy  containing  8 per  cent  of  copper  is  one  very  commonly  used 


Fig.  12. — The  tensile  properties  of  aluminum-copper  sand-cast  alloys . (Carpenter  and 

Edwards,  377) 


The  test  specimens  were  cast  to  size,  0.564  inch  in  diameter 

in  the  alumimmi-casting  industry  to-day.  Tests  were  made  upon 
sand  castings  to  ascertain  the  effect  of  heat  treatment,  consisting 
of  quenching  from  450°  C.  and  annealing  at  450°  C.  The  alloy 
containing  8.08  per  cent  of  copper  showed,  as  sand  cast,  a tensile 
strength  of  16  600  pounds  per  square  inch,  with  approximately 
2 per  cent  elongation;  as  sand  cast  and  annealed,  a tensile  strength 
of  1 5 900  pounds  per  square  inch ; and  as  sand  cast  and  quenched, 
18  000  pounds  per  square  inch.  Quenched  alloys  were  consist- 
ently higher  in  tensile  strength  than  the  cast  or  cast  and  annealed 
alloys. 
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Ingots  3 inches  in  diameter  and  20  inches  long  were  heated  to 
400°  C and  rolled  in  round  grooves  to  a diameter  of  1%  inches. 
From  this  rod  portions  were  both  hot  rolled  to  13/16  inch  in  diam- 
eter and  drawn  after  annealing  to  13/16  inch  diameter.  From 
o to  8 per  cent  of  copper  all  of  the  alloys  rolled  well,  and  from 
o to  4 per  cent  of  copper  they  could  be  drawn  sound.  In  Fig.  15 


Fig.  13. — The  tensile  properties  of  aluminum-copper  chill-cast  alloys.  (Carpenter  and 

Edwards,  377) 

Test  specimens  were  cast  to  size,  0.564  inch  in  diameter 


are  shown  the  results  of  the  tests  of  13^ -inch  diameter  hot-rolled 
bars.  The  bars  rolled  to  13/16  inch  diameter  showed  throughout  a 
higher  tensile  strength  than  those  rolled  to  il{  inches,  amounting 
to  2000  to  3000  pounds  per  square  inch.  The  bars  drawn  with 
and  without  annealing  showed  a higher  tensile  strength  but  also 
a smaller  elongation.  In  Table  11  are  shown  the  test  results  of 
an  alloy  containing  3.76  per  cent  of  copper  in  different  conditions. 
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TABLE  11. — Tensile  Properties  of  an  Aluminum-Copper  Alloy  (Carpenter  and 

Edwards,  378)° 


Tensile 

strength 

Yield 

point 

Elongation 
in  2 inches 

Reduction 
of  area 

Chill  casting 

Lbs./in.1 

21  500 

37  700 

38  000 

37  900 

44  900 

Lbs./in.2 

12  100 

20  100 

26  000 

34  600 

41  500 

Per  cent 

10.5 

20.0 

21.0 

8.0 

7.5 

Per  cent 

21.46 

38.  21 

49.  76 

21.79 

20.84 

lX-inch  hot -rolled  bar 

13/16-inch  hot -rolled  bar 

13/16-inch  bar  drawn  with  annealing 

29/32-inch  bar  cold-drawn,  without  annealing 

° Alloy  containing  3.76  per  cent  copper,  in  different  forms. 

Sheets  were  rolled  from  an  ingot  by  9^  by  $4  inches  by 
hot  rolling  to  three-eighths  inch,  allowing  to  cool,  and  cold  rolling 
to  one-fourth  inch.  The  resulting  slab  was  then  cut  into  portions 
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Fig.  14. — The  tensile  properties  of  aluminum-copper  alloys  in  the  form  of  sheet,  0.05  inch 
thick.  (Carpenter  and  Edwards,  377) 

The  ingots  were  cast  Y&  inch  thick,  hot  rolled  to  Ys  inch,  cold  rolled  to  K inch,  annealed,  cold  rolled  to  0.1 
inch,  annealed,  cold  rolled  to  0.05  inch 

and  the  portions  rolled  down  to  different  thicknesses  with  inter- 
mediate annealing.  In  Fig.  14  are  shown  the  results  of  tests 
upon  a sheet  rolled  to  0.05  inch  in  thickness.  The  tensile  test 
results  on  these  sheets  are  very  similar  to  those  obtained  on  the 
same  alloy  in  the  form  of  rolled  or  drawn  bars.  The  authors 
draw  the  conclusion  that  there  is  nothing  to  be  gained  by  adding 
more  than  4 per  cent  of  copper  for  a rolling  or  forging  alloy,  as 
well  as  for  a casting  alloy.  Their  conclusion  as  regards  the  casting 
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alloy  is  not  in  accord  with  modem  practice,  which  favors  the  use 
of  an  alloy  containing  8 per  cent  of  copper. 

Plates  cut  from  rolled  sheets  of  copper  contents  varying  from 
o to  5.34  per  cent  were  exposed  for  62  days  to  the  action  of  both 
sea  water  and  of  fresh  water.  Those  exposed  to  fresh  water  were 
slightly  corroded  but  gained  in  weight,  due  to  the  coating  of 
aluminum  hydrate  formed.  Those  exposed  to  the  action  of  sea 
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Fig.  15. — The  tensile  properties  of  aluminum-copper  alloys.  (Carpenter  and  Edwards,  377) 
These  results  were  obtained  on  1.25-inch  diameter  bars  hot  rolled  from  3-inch  ingots  to  size 

water  were  badly  corroded  and  pitted.  The  losses,  in  weight,  are 
given  below: 


Per  cent  of 
copper 

Loss  of  weight 
in  sea  water 
in  pounds 
per  square  foot 
per  month 

0.00 

0-008 

.93 

.008 

1.57 

.008 

2.36 

.007 

3. 74 

.005 

4.74 

.004 

5.34 

.003 
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The  loss  of  weight  is  considerable;  for  the  first  three  alloys  about 
ZfA  times  that  which  would  be  experienced  by  mild  steel  under 
the  same  conditions. 

It  is  concluded  that  these  alloys  are  not  suitable  for  construction 
which  will  be  exposed  to  sea  water. 

2.  ALUMINUM-IRON 

Gwyer  (387)  has  studied  the  constitution  of  this  system.  On 
the  aluminum  side  a compound,  FeAl3,  is  formed  which  gives  a 


Fig.  16. — The  effect  of  magnesium  on  the  tensile  properties  of  sand-cast  aluminum. 

(Lane,  318) 

The  bars  were  presumably  cast  to  size,  and  horizontally,  in  green  sand. 


eutectic  with  aluminum  at  practically  o per  cent  iron  at  649°  C. 
The  compound  is  not  appreciably  soluble  in  aluminum. 

Schirmeister  (see  p.  61)  gives  the  results  of  some  mechanical 
tests  of  iron-aluminum  alloys. 

3.  ALUMINUM-MAGNESIUM 

Grube  (399)  has  investigated  the  constitution  of  the  aluminum- 
magnesium  alloy  series,  and  has  found  that  a compound,  Al3Mg4, 
is  formed,  melting  at  465°  C.  This  compound  forms  a eutectic 
with  aluminum  at  45 3 0 C and  35  per  cent  magnesium.  The  solu- 
bility of  Al3Mg4  in  A1  has  never  been  determined;  it  is  approxi- 
mately 10  per  cent. 
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Schirmeister  (see  p.  61)  has  investigated  the  rolling  and  mechan- 
ical properties  of  this  series.  Up  to  6 per  cent  magnesium  the 
alloys  may  be  rolled  hot  and  cold;  beyond  that  they  are  too  brittle. 

Lane  (318)  has  studied  the  effect  of  small  amounts  of  magnesium 
in  deoxidizing  and  hardening  sand  cast  99  per  cent  aluminum. 
Averages  of  his  results  are  plotted  in  Fig.  16.  It  is  interesting  to 
note  that  the  effect  of  the  magnesium  makes  itself  evident  in  stages. 

Alloys  of  this  series  are  lighter  than  aluminum  and  have  attracted 
on  that  account  much  interest  from  those  seeking  strong  light 
alloys.  Under  the  name  of  magnalium,  alloys  of  this  series  are 
used  for  casting  purposes,  and  are  described  on  page  78.  This 
series  has  never  become  commercially  important  for  rolling  alloys. 
Alloys  having  30  per  cent  and  more  of  magnesium  take  a high 
polish  and  are  used  for  mirror  metal. 

4.  ALUMINUM-MANGANESE  AND  ALUMINUM-MANGANESE-COPPER 

This  binary  system  has  been  studied  by  Hindrichs  (402).  A 
compound,  probably  MnAl3,  is  formed,  giving  a eutectic  with  alumi- 
num at  3 to  4 per  cent  manganese  and  650°  C.  This  compound  is 
not  appreciably  soluble  in  aluminum. 

Schirmeister  (see  Sec.  VIII-8-a)  has  contributed  results  of  tests 
of  light  manganese-aluminum  alloys. 

Rosenhain  and  Lantsberry  (463)  have  carried  out  some  tests  on 
light  alloys  of  the  manganese-copper-aluminum  series.  Their  in- 
vestigation concerns  itself  primarily  with  the  alloys  rich  in  copper. 
Only  a few  tests  were  made  of  the  strength  of  the  alloys  at  the 
aluminum  end  of  the  diagram.  Table  12  shows  the  results  of  tests 
of  sand  and  chill  castings  of  different  compositions  of  alloys  up  to 
about  4 per  cent  of  copper  and  2 per  cent  of  manganese. 


TABLE  12. — Tensile  Properties  of  Cast  Aluminum-Copper-Manganese  Alloys  (Rosen- 
hain and  Lantsberry,  463) 


No. 

Chemical  compo- 
sition 

Tensile  properties 

Sand  cast 

Chill  cast 

Copper 

Manga- 

nese 

Tensile 

strength 

Yield  point 

Elonga- 
tion in 

2 inches 

Tensile 

strength 

Yield  point 

Elonga- 
tion in 

2 inches 

Per  cent 

Per  cent 

Lbs./in.2 

Lbs./in.2 

Per  cent 

Lbs./in.2 

Lbs./in.2 

Per  cent 

022 

2.15 

0.88 

13  800 

10  400 

5 

19  100 

12  400 

6 

023 

! 3.11 

.57 

15  400 

11  200 

4 

18  500 

11  300 

5.5 

024 

3.28 

.98 

14  000 

11  300 

4 

18  700 

14  200 

5 

025 

1.27 

2.06 

15  300 

12  600 

4.7 

13  900 

13  800 

6 

026 

2.02 

1.90 

14  300 

13  100 

3 

21  900 

13  900 

7 

026  A 

2.15 

1.91 

18  100 

14  900 

5 

22  400 

17  500 

5 

027 

1 2.89 

1.76 

17  100 

14  100 

3.5 

15  200 

13  600 

5 

028 

4.  .3 

1.92 

3 200 

3 200 

2.5 

18  600 

14  300 

3.5 
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After  making  these  tests  the  authors  selected  two  alloys,  Nos. 
io  and  ii,  and  tested  these  alloys  both  in  the  sand  and  chill  cast 
condition  and  as  rolled  and  drawn  from  ingots  3 inches  in  diameter. 
The  results  of  these  tests  are  shown  in  Table  13.  Impact  tests 
made  with  the  Izod  machine  on  rolled  alloys  showed  that  the  No. 
10  required  4.1  foot-pounds  and  No.  11,  5.5  foot-pounds  of  energy 
per  unit  of  section  in  fracture. 


TABLE  13. — The  Tensile  Properties  of  Aluminum-Copper-Manganese  Alloys  (Rosen- 
hain  and  Lantsberry,  463) 

ALLOY  No.  10.  COPPER,  2.06  PER  CENT;  MANGANESE,  1.94  PER  CENT 


Tensile 

strength 

Yield  point 

Elongation 
in  2 inches 

Reduction 
of  area 

Lbs./in.2 

Lbs./in.2 

Per  cent 

Per  cent 

Hot  rolled  to  1£  inches 

36  700 

22  000 

18.5 

39.5 

Hot  rolled  to  13/16  inch 

38  200 

27  100 

16.0 

37.6 

Drawn  with  annealing  to  13/16  inch 

41  000 

25  200 

6.0 

11.2 

Sand  cast 

19  000 

13  000 

4.0 

Chill  cast 

20  300 

14  300 

5.0 

ALLOY  No.  11.  COPPER,  2.89  PER  CENT;  MANGANESE,  0.94  PER  CENT 

Hot  rolled  to  1§  inches 

35  300 

19  700 

20.0 

32.8 

Hot  rolled  to  13/16  inch 

37  000 

28  600 

15.0 

38.0 

Sand  cast 

16  700 

13  400 

5.0 

Chill  cast 

27  000 

16  200 

13.5 

The  authors  conclude  that  the  results  on  rolled  and  drawn  bars 
are  disappointing  and  that  the  superiority  found  in  alloy  No.  n 
in  the  form  of  chill  casting  was  not  maintained  in  the  rolled  condi- 
tion. The  results  show  that  these  alloys  have  very  nearly  the 
same  physical  properties  as  the  copper-aluminum  alloys  which 
were  investigated  by  Carpenter  and  Edwards. 

Alternating  stress  tests  carried  out  on  13/16  inch  diameter, 
rolled  bars  of  Nos.  10  and  11  alloy  gave  the  following  values  for 
the  ranges  of  maximum  safe  stress  under  which  these  alloys  would 
bear  an  unlimited  number  of  reversals:  Alloy  No.  10,  21  000 
pounds  per  square  inch;  alloy  No.  11,  19  700  pounds  per  square 
inch. 

The  authors  also  carried  out  some  corrosion  experiments  on 
chill  castings  of  two  alloys,  the  results  of  which  are  found  in  the 
table  below. 


Chill  castings  of— 

Loss  of  weight  per  square  foot 
per  month  (30  days) 

Tap  water 

Sea  water 

Pure  aluminum 

Pounds 

0.000121 

. 000275 

.000128 

Pounds 

0.0022 

.00042 

.00048 

Alloy  No.  10  (1.94  per  cent  Mn,  2.06  per  cent  Cu) 

Alloy  No.  11  (0.94  per  cent  Mn,  2.89  per  cent  Cu) 
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The  specimens  were  machined  from  castings  and  immersed  for 
1 21  days.  The  resistance  to  corrosion  in  sea  water  of  the  alloys  is 
much  superior  to  that  of  aluminum.  These  results  are  contrary 
to  usual  experience  with  relative  corrosion  resistance  of  aluminum 
and  its  light  alloys  (Seligman;  discussion  on  463). 

Tests  of  resistance  to  corrosion  by  sulphuric  and  nitric  acids  of 
alloys  of  from  1 to  10  per  cent  manganese  showed  that  these 
alloys  were  less  resistant  to  the  attack  of  these  acids  than  pure 
aluminum. 

5.  ALUMINUM-NICKEL  AND  ALUMINUM-NICKEL-COPPER 

The  constitution  of  this  alloy  series  has  been  studied  by  Gwyer 
(406).  A compound,  NiAl3,  is  formed  which  forms  a eutectic 
with  aluminum  at  7 per  cent  nickel  and  630°  C.  This  compound 
is  not  soluble  in  aluminum.  A thermal  transformation  occurs  at 
550°  C in  the  alloys  containing  from  o to  42  per  cent  nickel. 

Reed  and  Greaves  (453,  455)  give  results  of  some  tests  of  these 
alloys.  * 

The  authors  have  made  a study  of  the  properties,  microstructure, 
and  corrosion  of  light  aluminum  alloys  with  nickel  and  copper. 

Some  preliminary  tests  of  the  working  properties  of  such  alloys 
were  made.  Strips  35  inches  in  length  were  rolled  cold  with  the 
necessary  annealings,  if  possible,  to  a thickness  of  0.10  inch  and 
then  without  further  annealing  to  a strip  having  a thickness  of 
0.02  inch.  Those  alloys  which  were  perfectly  sound  after  this 
treatment  and  did  not  crack  or  break  down  are  comprised  within 
the  following  percentages : 


Copper 

Nickel 

0 

4.0 

3.5 

0 

2 

2 

A portion  of  each  3/8 -inch  diameter  rod  was  turned  down  to 
3/16  inch  diameter  and  drawn  into  wire.  The  diameter  at  which 
the  drawing  had  to  be  abandoned  serves  as  a measure  of  the 
relative  ductility  of  the  material.  Alloys  within  the  following 
compositions  passed  through  a hole  of  0.033  inch  in  diameter 
without  cracking  or  hollow  drawing : 


Nickel 

Copper 

4 

0 

0 

6 

3 

2 

1 

4 
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Small  blocks  of  metal  i f/2  by  i by  i K inches  were  forged  down 
hot  to  a thickness  of  1/8  inch  after  heating  to  450°  C.  Those 
compositions  which  remained  perfectly  sound  under  this  treat- 
ment were  comprised  within  the  following : 


Nickel 

Copper 

7.5 

0 

0 

5.7 

2 

4 

5 

2 

• 

Tests  of  the  alloys  were  made  as  chill  cast  and  as  rolled.  The 
chill-cast  ingots  were  1 inch  in  diameter.  For  the  rolled  alloys 


Fig.  17. — The  tensile  properties  of  nickel-aluminum  chill-cast  alloys.  (Read  and 

Greaves,  453,  455) 

Specimens  were  cast  to  size,  0.564  inch  in  diameter 

an  ingot  was  chill  cast  2%  inches  in  diameter  by  18  inches  long, 
weighing  about  7 pounds.  This  was  rolled  by  the  British 
Aluminum  Co.  to  1 -inch-diameter  rods  at  about  400°  C.  A por- 
tion of  the  resulting  rod  was  cold-drawn  in  two  passes  to  7/8-inch 
diameter  rods.  Some  of  the  i-inch  diameter  hot-rolled  rods  were 
annealed.  The  results  of  these  tests  are  shown  in  Fig.  17  and 
Table  14. 
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TABLE  14. — Tensile  Properties  of  Aluminum-Copper-Nickel  Alloys  (Read  and  Greaves 

453,  455) 

PHYSICAL  PROPERTIES 


Number 

Chemical  composition 
of  chill-cast  alloys 

As  chill  cast 

Copper 

Nickel 

Tensile 

strength 

Yield 

point 

Elongation 
in  2 inches 

Reduction 
of  area 

Per  cent 

Per  cent 

Lbs./in.2 

Lbs./in.2 

Per  cent 

Per  cent 

23C 

1.11 

14  900 

5 800 

20.8 

36.2 

24C 

2.22 

16  900 

6 500 

16.7 

22.1 

25C 

3.38 

18  200 

7 400 

13.5 

21.1 

26C ...  

5.52 

21  700 

9 000 

9.0 

11.1 

27C 

1.01 

1.10 

18  200 

6 200 

19.1 

29.2 

28C 

1.00 

2. 18 

18  600 

7 400 

10.0 

15.3 

29C 

1.03 

4.03 

23  500 

8 100 

12.1 

14.2 

30C 

1.02 

5.51 

24  800 

10  700 

6.1 

8.5 

11C 

2.04 

1.11 

21  700 

7 200 

20.6 

24.6 

12C 

1.92 

2. 18 

22  600 

8 100 

11.4 

15.8 

13C 

1.97 

3.69 

24  500 

9 000 

7.2 

9.2 

14C 

1.99 

5.27 

28  600 

10  300 

5.7 

7.4 

15C 

3.94 

1.08 

24  100 

9 000 

7.5 

11.7 

16C 

4.05 

2.02 

23  400 

8 300 

6.1 

7.0 

17C 

3.84 

3.50 

21  200 

9 900 

5.0 

6.9 

18C 

4.04 

4.36 

25  200 

9 900 

4.4 

5.0 

Number 

Chemical  composition 
of  wrought  alloys 

Cold -drawn  rods  a 

Copper 

Nickel 

Tensile 

strength 

Yield 

point 

Elongation 
in  2 inches 

Reduction 
of  area 

Per  cent 

Per  cent 

Lbs./in.2 

Lbs./in.2 

Per  cent 

Per  cent 

23C 

1.87 

22  700 

19  700 

12.6 

36.9 

24C 

4.31 

27  900 

22  900 

8.5 

24.0 

25C 

2.00 

1.12 

32  200 

26  200 

16.0 

47.7 

26C 

1.97 

2.22 

30  600 

26  000 

11.8 

33.1 

27C 

2.13 

3.74 

33  900 

29  700 

7.4 

12.4 

28C 

2.10 

5.33 

37  800 

31  700 

7.5 

15*3 

29C 

4.07 

1.12 

37  400 

31  400 

- 12.1 

28.8 

30C 

4.13 

2. 16 

36  300 

31  700 

8.0 

19.3 

11C 

4.07 

3.21 

34  100 

29  900 

2.5 

3.9 

12C 

4.08 

4.30 

36  800 

29  600 

3.8 

6.2 

Number 

Chemical  composition 
of  wrought  alloys 

Annealed  rods  & 

Copper 

Nickel 

Tensile 

strength 

Yield 

point 

Elongation 
in  2 inches 

Reduction 
of  area 

Per  cent 

Per  cent 

Lbs./in.2 

Lbs./in.2 

Per  cent 

Per  cent 

23C 

1.87 

16  300 

5 600 

34.1 

55.8 

24C 

4. 31 

20  200 

9 900 

26.2 

42.1 

25C 

2.00 

1.12 

23  400 

8 300 

30.5 

56.6 

26C 

1.97 

2.22 

22  900 

6 300 

28.9 

44.7 

27C 

2.13 

3.74 

23  800 

6 300 

27.2 

37.8 

28C 

2.10 

5.33 

26  500 

9 900 

25.0 

36.3 

29C 

4.07 

1.12 

29  000 

7 400 

28.7 

44.3 

30C 

4.13 

2.16 

27  200 

8 100 

24.8 

30.9 

11C 

4.07 

3.21 

25  400 

6 300 

22.8 

28.0 

12C 

4.08 

4.30 

25  300 

7 200 

23.5 

29.7 

o The  same  as  (<0  cold  drawn  to  V%  inch  in  2 passes.  & The  same  as  (c)  annealed  at  450°  C. 

74699°— 19 4 
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TABLE  14 — Continued 
PHYSICAL  PROPERTIES — Continued 


Number 

Chemical  composition 
of  wrought  alloys 

! 

Hot-rolled  rods  a 

Copper  i 

Nickel 

Tensile 

strength 

Yield 

point 

Elongation 
in  2 inches 

Reduction 
of  area 

Per  cent 

Per  cent 

Lbs./in.J 

Lbs./in.* 

Per  cent 

Per  cent 

23C 

1.87 

18  200 

11  900 

28.4 

52.5 

24C 

4.31 

22  300 

13  500 

22.0 

36.4 

25C 

2.00 

1.12 

25  400 

14  300 

27.8 

52.0 

26C 

1.97 

2.22 

26  600 

17  000 

21.3 

38.6 

27C 

2. 13 

3.74 

28  600 

17  900 

17.8 

29.6 

28C 

2. 10 

5.33 

31  500 

18  160 

16.0 

23.6 

29C 

4.07 

1. 12 

32  000 

18  400 

20.7 

36.9 

30C 

4. 13 

2. 16 

30  700 

17  900 

17.8 

28.0 

11C 

4.07 

3.21 

28  700 

17  300 

14.6 

18.2 

12C 

4. 08 

4.30 

29  500 

17  000 

13.5 

18.6 

a 2*4  by  18  inches  ingot,  chill  cast,  heated  to  400°  C,  rolled  hot  to  1 inch  diameter. 


It  will  be  noticed  that  although  the  ductility  of  the  alloys  of 
copper-nickel-aluminum  in  the  chill  cast  and  in  the  rolled  state  is 
high  these  alloys  do  not  show  a very  high  tensile  strength.  The 
highest  tensile  strength  in  the  series  is  that  of  a cold-drawn  rod 
containing  2.1  per  cent  of  copper  and  5.3  per  cent  of  nickel.  The 
tensile  strength  of  this  alloy  in  a cold-drawn  state  is  only  37  800 
pounds  per  square  inch  as  compared  to  55  000  pounds  per  square 
inch  for  duralumin. 

The  authors  made  no  study  of  the  effect  of  heat  treatment  upon 
rolled  alloys. 

Tests  of  the  effect  of  annealing  and  of  quenching  on  chill-cast 
alloys  containing  both  copper  and  nickel  showed  that  both  anneal- 
ing and  quenching  lowered  the  tensile  strength  slightly  (from  1000 
to  2000  pounds  per  square  inch)  with  but  slight  increase  (1  to  1.5 
per  cent)  in  elongation. 

Alternating  stress  tests  made  on  the  Arnold  machine  showed 
that  the  resistance  to  this  test  decreases  with  increase  of  both 
copper  and  nickel  content. 

The  authors  carried  out  corrosion  tests  both  in  sea  and  in  fresh 
water  on  plates,  both  cold  rolled  and  annealed,  2 by  1 by  0.15 
inches.  Their  results  are  given  in  Table  15.  The  results  show 
that  the  alloys,  although  inferior  to  pure  aluminum  in  their  resist- 
ance to  corrosion,  are  somewhat  superior  to  other  types  of  alloys 
in  this  respect.  Copper  appears  to  accelerate  corrosion  more  than 
nickel. 
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TABLE  15. — Corrosion  of  Cold-Rolled  and  of  Cold-Rolled  and  Annealed  Sheets  of 
Aluminum-Copper-Nickel  Alloys  (Read  and  Greaves,  453) 


Chemical  composition 

Loss  of  weight  in  pounds  per  square  foot  per  month 

Sea  water 

Fresh  water 

Copper,  per  cent 

Nickel,  per 

cent 

Annealed 

Cold  rolled 

Annealed 

Cold  rolled 

Aluminum 

0. 00045 

0. 00041 

0. 00014 

0. 00020 

Same,  remelted  - 

.00024 

. 00039 

. 00014 

. 00018 

1 90  

. 00038 

. 00059 

. 00138 

.00150 

2. 00 

1. 12 

. 00047 

.00111 

. 00138 

1.97 

2. 22 

. 00064 

.00050 

. 00106 

.00090 

2.13 

3. 74 

.00043 

.00099 

.00123 

. 00117 

2.10 

5. 33 

.00050 

.00138 

. 00108 

. 00057 

3. 76  

.00045 

.00050 

.00229 

. 00238 

4.07 

1.12 

.00058 

.00097 

. 00162 

. 00165 

4.13 

2. 16 

.00046 

.00083 

. 00169 

.00154 

4. 07 

3.  21 

.00118 

. 00172 

. 00151 

4.08 

4. 30 

. 00102 

. 00073 

. 00154 

.00133 

1. 42 

.00092 

.00104 

. 00030 

.00037 

2.  25 

.00077 

.00042 

.00045 

.00033 

The  authors  also  observed  that  the  superiority  shown  by  the 
nickel- aluminum  alloys  to  ordinary  corrosion  in  water  was  not 
maintained  when  dilute  vinegar,  oxalic  acid,  citric  acid,  and  tar- 
taric acid  were  used. 

The  authors  draw  no  general  conclusions  from  their  work,  but 
it  is  evident  that  the  alloys  of  the  compositions  which  they  studied 
do  not  show  a great  enough  strength  that  they  can  be  considered 
for  an  alloy  which  is  to  be  rolled  into  structural  shapes.  All  the 
compositions  were  definitely  inferior  to  duralumin. 

On  the  other  hand,  the  chill-cast  alloys  look  somewhat  more 
promising,  and,  in  view  of  the  superior  resistance  to  corrosion  of 
the  alloys  of  nickel  and  aluminum  over  those  of  copper  and  alumi- 
num, may  compete  wfith  the  latter  series  in  this  form. 

6.  ALUMINUM-SILICON 

Fraenkel  (417)  has  investigated  the  aluminum-silicon  equi- 
librium. These  metals  form  a simple  eutectic  series  with  the 
eutectic  at  10  per  cent  of  silicon  and  at  580°  C.  Silicon  is  not 
soluble  in  aluminum  to  the  extent  of  more  than  approximately 
0.5  per  cent. 

Schirmeister  (see  p.  61)  gives  the  results  of  some  mechanical 
tests  of  aluminum-silicon  alloys. 
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7.  ALUMINUM-ZINC 

The  constitution  of  this  series  of  alloys  has  been  studied  by 
Lorenz  and  Plumbridge  (433),  Rosenhain  (436),  Shepherd  (444), 
and  others.  Aluminum  and  zinc  form  a eutectiferous  series,  the 
eutectic  lying  at  95  per  cent  of  zinc  and  380°  C;  a compound 
Al2Zn3  is  formed  decomposing  at  256°  C.  Aluminum  takes  up 
from  20  to  40  per  cent  of  zinc  in  solid  solution  depending  on  the 
temperature. 

The  principal  investigation  of  this  alloy  series  is  that  of  Rosen- 
hain and  Archbutt  (435),  who,  besides  their  study  of  the  consti- 


Fig.  18. — The  tensile  properties  of  aluminum-zinc  sand-cast  alloys.  (Rosenhain  and 

Archbutt,  435) 

Test  specimens  were  cast  to  size,  0.564  inch  in  diameter. 


tution  of  the  alloy  series,  carried  out  tensile,  impact,  and  alter- 
nating stress  tests  of  cast  and  wrought  alloys.  The  tensile  proper- 
ties were  studied  at  higher  temperatures,  and  corrosion  tests  made 
on  castings. 

In  Fig.  18  are  shown  the  results  of  tensile  tests  of  sand-cast 
alloys  of  aluminum-zinc  melted  in  an  oil  furnace,  care  being  taken 
to  keep  the  temperature  below  8oo°  C.  The  castings  were  7 inches 
long  by  inch  in  diameter.  It  is  seen  that  the  tensile  strength 
of  the  alloys  increases  with  the  percentage  of  zinc.  In  Fig.  19  are 
shown  the  results  of  tensile  tests  of  chill-cast  alloys  poured  into  a 
chill  mold  7 by  y inches  in  diameter.  It  will  be  noted  that  the 
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strength  of  such  chill  castings  is  slightly  greater  at  all  composi- 
tions than  that  of  the  sand  castings.  This  is  due  primarily  to  the 
greater  density  of  such  castings. 

The  authors  made  some  tests  to  determine  whether  the  cast 
alloys  of  this  series  were  subject  to  spontaneous  disintegration. 

A certain  number  of  sand-cast  specimens  of  zinc  contents 
varying  from  9 to  75  per  cent  were  laid  on  one  side  when  the  alloys 
were  originally  made  and  tested.  These  were  tested  after  an 
interval  of  15  months,  and  it  was  found  that  there  was  no  sign 
whatever  of  any  disintegration;  so  if  these  alloys  are  subject  to 


Fig.  19. — The  tensile  properties  of  aluminum-zinc  chill-cast  alloys.  (Rosenhain  and 

Archbutt,  435) 

Test  specimens  were  cast  to  size,  0.564  inch  in  diameter 


any  aging  process  at  all  it  must  be  of  an  extremely  gradual  char- 
acter. It  was  found,  however,  that  in  every  case  there  had  been 
an  increase  of  tensile  strength,  varying  from  500  to  4000  pounds 
per  square  inch,  accompanied  in  some  cases  by  decrease,  in  others 
by  increase  of  elongation. 

This  agrees  with  practical  experience  with  these  alloys  in  that 
immediately  after  casting  they  are  not  readily  machined,  but 
“drag.”  After  aging  for  a few  weeks  a marked  improvement  in 
machineability  occurs. 

“ Compression  tests  on  both  sand  and  chill  castings  showed  that 
in  general  the  compressive  strength  of  these  alloys  is  approxi- 
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mately  proportional  to  their  tensile  strength,  although  the  yield 
points  in  compression  are  also  decidedly  lower  than  the  ultimate 
strength  in  tension.” 

In  the  discussion  on  this  paper  Seligman  (British  Aluminum  Co. 
(Ltd.))  states  that  the  reason  why  compositions  above  from  13  to 
14  per  cent  of  zinc  had  not  hitherto  been  used  for  casting  purposes 
was  that  it  was  the  experience  of  the  manufacturers  that  such 
alloys  were  sensitive  to  vibration  and  shock  and  hence  not  suitable 
for  the  motor  industry. 

Ingots  were  prepared  of  different  compositions,  20  inches  long 
and  3 inches  in  diameter.  They  were  heated  to  approximately 
400°  C and  hot-rolled  to  1^  inches,  inch,  and  % inch,  respec- 
tively. The  25  per  cent  zinc-aluminum  alloy  could  fairly  readily 
be  rolled,  but  the  30  per  cent  alloy  cracked  considerably,  even 
upon  rolling  it  to  1 % inches  in  diameter,  such  that  2 5 per  cent  may 
be  looked  upon  as  the  maximum  composition  which  can  be  rolled. 

For  some  of  the  later  series  a rolling  temperature  of  from  315  to 
364°  C was  used  with  better  results  than  at  the  higher  tempera- 
tures. Some  other  experiments  on  the  malleability  of  these 
alloys  under  the  hammer  at  higher  temperatures  showed  that  the 
malleability  increased  with  increase  of  temperature  up  to  400°  C, 
but  that  at  450°  C the  test  specimen  cracked,  and  at  500°  C broke 
into  coarse  powder. 

Samples  of  the  iX-inch  hot-rolled  bars  were  used  for  cold- 
drawing experiments,  the  object  aimed  at  being  to  reduce  them  by 
steps  of  1 / 1 6 inch  down  to  a diameter  of  13/16  inch.  Compositions 
up  to  15  per  cent  stood  this  cold  drawing  well.  Above  that  the 
samples  either  drew  hollow  or  broke. 

The  15  per  cent  and  20  per  cent  alloys  were  cast  into  slabs 
measuring  13X  by  10^  by  yi  inch  heated  to  400°  C,  cooled  to 
300°  C,  hot  rolled  to  0.13  inch,  annealed  at  400°  C,  and  cold  rolled 
to  0.07  inch.  The  1 5 per  cent  alloy  behaved  satisfactorily  under 
this  treatment.  The  20  per  cent  alloy  exhibited  a small  amount 
of  cracking  at  the  edge  of  the  sheet,  a defect  which  may  have 
arisen  from  roughness  of  the  original  casting. 

Fig.  21  shows  the  results  of  tests  of  hot-rolled  bars  1 % inches 
in  diameter.  These  alloys  exhibited  a well-defined  yield  point, 
accompanied  by  a sharp  drop  of  the  beam  of  the  testing  machine 
similar  to  that  found  in  the  testing  of  mild  steel.  Similar  curve 
series  were  obtained  showing  the  results  of  tensile  tests  of  hot- 
rolled  bars  inch  and  f/2  inch  in  diameter.  The  results  of  the 
former  series  are  shown  in  Fig.  20.  The  curious  fact  is  definitely 
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ascertained  that  the  alloys  containing  more  than  15  per  cent  of 
zinc  appear  to  deteriorate  when  a large  amount  of  work  is  put 
upon  them.  It  is  seen  that  although  for  compositions  below  15 
per  cent  of  zinc  the  strength  of  the  7/i-mch  diameter  rod  is  higher, 
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as  might  be  naturally  expected,  than  that  of  the  iX-inch  diameter 
rod,  above  that  percentage  the  reverse  is  true. 

A study  of  the  tensile  strength  of  hot-rolled  and  annealed  bars 
shows  that  for  compositions  between  13  and  20  per  cent  the  appli- 
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cation  of  work  upon  the  alloys  appears  to  have  a beneficial  effect, 
which  is  not  entirely  removed  by  annealing.  The  results  on  one 
series  are  shown  in  Fig.  20.  In  considering  the  strength  of  cold- 
drawn  bars  drawn  to  13/ 16-inch  diameter  from  the  hot-rolled  \%- 
inch  diameter  rods  it  is  most  remarkable  that  the  ultimate  strength 
of  the  cold-drawn  bars  is  very  little  higher  than  that  of  the  original 
hot-rolled  bars  from  which  they  were  drawn.  It  is  noted  that  the 


Fig.  21. — The  tensile  properties  of  aluminum-zinc  alloys.  (Rosenhain  and  Arch- 

butt,  435) 

These  results  were  obtained  on  1.25-inch  diameter  bars  hot  rolled  from  3-inch  ingots  to  size 

alloys  higher  in  zinc  (above  15  per  cent)  show  a lower  ultimate 
strength  in  the  cold-drawn  than  in  the  hot-rolled  state. 

Tests  made  on  wire,  o.  1 28  inch  in  diameter,  as  cold  drawn,  shows 
that  the  strength  of  such  wire  is  considerably  above  that  of  any 
other  form  of  the  same  material  until  a composition  of  20  per  cent 
of  zinc  is  reached.  Thereafter  the  strength  of  the  wire  is  less  than 
that  of  the  original  i^-inch  hot-rolled  bars. 

“We  thus  arrive  at  the  very  remarkable  result  that  no  amount 
of  further  work,  whether  applied  to  the  metal  when  hot  or  cold, 
increases  the  tensile  strength  of  the  25  per  cent  alloy  beyond  that 


57 


Aluminum  and  its  Light  Alloys 

which  is  attained  in  the  form  of  i % -inch  hot-rolled  bars,  the  only- 
marked  effect  of  cold  work  being  to  bring  about  some  reduction 
in  the  ductility  of  the  alloy.” 

The  tensile  strengths  of  the  two  compositions  rolled  out  into 
sheet  0.07  inch  in  thickness  were  very  nearly  the  same  as  that 
obtained  on  bars  drawn  with  annealing,  as  shown  below: 

Fifteen  per  cent  alloy  sheet,  as  rolled  and  tested  longitudinally; 
tensile  strength,  47000  pounds  per  square  inch;  elongation,  1.5 
per  cent  in  2 inches.  Twenty  per  cent  alloy  sheet,  similarly;  ten- 


Fig.  22. — The  specific  tenacity  of  sand-cast  zinc-aluminum  alloys . (Rosenhain  and 

Archbutt,  435) 


sile  strength,  50  500  pounds  per  square  inch;  elongation,  0.5  per 
cent  in  2 inches. 

After  annealing  at  400 0 C,  these  two  alloys  showed  33  000  and 
43  000  pounds  per  square  inch  tensile  strength,  and  24  and  10  per 
cent  elongation,  respectively. 

Figs.  22  and  23  show  the  specific  tenacity,  the  tensile  strength 
divided  by  the  density,  of  sand-cast  and  hot-rolled  aluminum- 
zinc  alloys  and  of  hot-rolled  aluminum-copper  alloys,  the  latter 
being  taken  from  the  data  by  Carpenter  and  Edwards.  It  will  be 
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noted  that  the  aluminum-zinc  alloy  of  20  per  cent  shows  a greater 
strength  per  unit  mass  than  the  highest  alloy  recorded  by  Carpenter 
and  Edwards  for  the  light  aluminum-copper  alloys. 


Fig.  23. — Comparison  of  the  specific  tenacities  of  rolled  aluminum-zinc  and  aluminum- 
copper  alloys.  (Rosenliaiii  and  Archbutt,  435) 


Alternating  stress  tests  carried  out  with  alternations  of  direct 
stress  on  specimens  cut  from  -inch  diameter  hot-rolled  bars  gave 
the  following  results : 


Zinc 

Maximum 
safe  range  of 
stress  a 

Per  cent 

Lbs./in.a 

5 

11  200 

9 

15  000 

11 

19  200 

17 

22  400 

26 

26  900 

® Giving  about  i ooo  ooo  reversals  to  rupture. 
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Impact  tests  carried  out  on  the  Izod  machine  gave  the  following 
results : 


Zinc 

Absorbed  in 
rupture 

Per  cent 

Ft.  lbs./in.2 

5 

3.9 

9 

4.3 

13 

5.4 

15 

5.8 

17 

5.75 

20 

5.8 

26 

4.1 

Tensile  tests  were  carried  out  at  higher  temperatures  on  several 
of  the  alloys.  Some  of  the  results  are  given  in  Table  16  below. 

TABLE  16. — Tensile  Properties  of  Zinc- Aluminum  Alloys,  in  Form  of  7/8-inch  Rolled 
Bars,  at  Higher  Temperatures  (Rosenhain  and  Archbutt,  435) 

ALLOY  OF  13  PER  CENT  ZINC 


Tensile  properties 


Temperature  in  degrees  centigrade 

Tensile 

strength 

Yield  point 

Elongation 
in  2 inches 

Lbs./in.2 

Lbs./in.2 

Per  cent 

18 

j 32  100 

15  700 

31 

50 

28  500 

18  350 

30 

75 

24  000 

17  350 

29 

100 

! 20  650 

15  200 

33 

ISO 

16  000 

13  600 

34 

200 

. . 1 1 QOO 

11  100 

48 

1 

ALLOY  OF  25  PER  CENT  ZINC 


18 

50. 

75. 

100. 

150. 

200. 


55  600 

44  300 

20 

50  800 

40  100 

21 

45  700 

34  400 

21 

41  000 

33  200 

21 

35  300 

30  200 

19 

24  600 

21  800 

18 

Determinations  made  of  the  coefficient  of  thermal  expansion 
between  o°  and  180  C of  these  alloys  in  the  form  of  13/16-inch 
diameter  rolled  bars  yielded  the  following  values: 


Composition 

Coefficient 
of  thermal 
expansion 

5 per  cent  zinc 

0. 0000227 

.0000231 

.0000234 

15  per  cent  zinc 

20  per  cent  zinc  (f  inch  bar) 
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Sand  and  chill  castings  3 by  4 by  ^ inches  were  machined  and 
exposed  for  521  days  to  the  action  of  sea  water.  The  losses  in 
weight  were  measured  and  are  given  in  the  table  below : 

Corrosion  of  Zinc-Aluminum  Alloy  Castings 


5. 

9. 

13. 

15. 


Loss  of  weight  in  pounds  per 
square  inch  per  month 

Chill  castings 

Sand  castings 

0. 0012 

0.00054 

.0017 

.00092 

.0018 

.00062 

.0023 

.00145 

The  sand  castings  were  thus  superior  to  the  chill  castings  in  this 
respect. 

In  the  appendix  of  this  report  the  authors  describe  an  alloy  con- 
sisting of  25  per  cent  of  zinc,  3 per  cent  of  copper,  and  62  per  cent 
of  aluminum.  This  alloy  shows  a tensile  strength  of  about 
41  000  pounds  and  45  000  pounds  in  the  sand  and  chill  cast  con- 
dition, respectively.  The  rolling  of  this  alloy  presents  considerable 
difficulty,  but  if  careful  temperature  control  is  exercised  it  can  be 
hot  rolled.  This  alloy  gave  a tensile  strength,  in  the  form  of 
i>£-inch  hot-rolled  bar,  of  71  000  pounds  per  square  inch,  a yield 
point  of  61  000  pounds  per  square  inch,  and  an  elongation  in 
1 inch  of  21  per  cent.  The  specific  gravity  of  this  alloy  is  3.29. 

Summarizing  the  work  of  these  investigators  on  the  physical 
properties  at  ordinary  temperatures,  the  following  points  may  be 
noted : 

1.  It  has  been  found  possible  to  roll  out  into  bars  and  even  to 
draw  into  wire  an  alloy  containing  as  much  as  26  per  cent  of  zinc. 
This  alloy  attains  its  maximum  tensile  strength  when  in  the  con- 
dition of  hot-rolled  bar  1%  inches  in  diameter,  the  maximum 
strength  being  62  000  pounds  per  square  inch.  This  alloy  has  a 
density  of  3.24  when  hot-rolled; 

2.  Further  rolling  down  of  this  alloy  does  not  improve,  but 
diminishes,  the  tensile  properties  of  the  material. 

3.  Both  the  binary  and  ternary  alloys  referred  to  differ  from 
the  majority  of  nonferrous  alloys  in  the  fact  that  in  the  rolled 
condition  they  exhibit  a definite  and  well-marked  yield  point 
similar  to  that  of  mild  steel. 

4.  A great  defect  of  this  group  of  alloys  is  their  great  sensi- 
tiveness to  rise  of  temperature  in  relation  to  their  tensile  strength. 
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Thus  the  alloy  containing  25  per  cent  of  zinc  loses  33  per  cent  of 
its  tensile  strength  (at  20°  C)  when  the  temperature  is  raised  to 
ioo°  C.  The  highest  tensile  strength  of  the  cast  alloys  deter- 
mined was  42  000  pounds  per  square  inch  for  an  alloy  containing 
50  per  cent  of  zinc.  The  highest  for  the  wrought  alloys  was  that 
of  the  i%Mnch  hot-rolled  bars  of  26  per  cent  zinc  content  and 
having  a tensile  strength  of  62  000  pounds  per  square  inch,  a 
yield  point  of  56  000  pounds  per  square  inch,  and  an  elongation 
of  16.5  per  cent  in  2 inches. 

5.  Tests  made  of  the  resistance  of  these  alloys  to  alternations 
of  direct  stress  gave  a series  of  results  for  the  safe  range  of  alter- 
nating stresses  which  lies  considerably  below  that  of  the  static 
elastic  limits.  The  25  per  cent  alloy  showed  a safe  range  of 
27  000  pounds  per  square  inch.  Single-blow  impact  tests  made  on 
the  Izod  machine  showed  that  the  work  absorbed  by  fracture 
reaches  a maximum  for  a zinc  content  lying  between  15  and  20 
per  cent.  This,  for  an  alloy  containing  15  per  cent  of  zinc,  is 
5.8  foot-pounds.  Under  Prof.  Arnold’s  alternate  bending  tests 
the  endurance  of  the  alloys  falls  rapidly  with  the  increase  of  zinc 
content. 

8.  MISCELLANEOUS 

(a)  SCHIRMEISTER’S  INVESTIGATIONS  OF  BINARY  SYSTEMS 

A very  comprehensive  investigation  of  the  mechanical  proper- 
ties of  rolled  binary  light  alloys  of  aluminum  was  carried  out  in 
1915  by  Schirmeister  (338). 

Schirmeister  rolled  out  several  compositions  of  many  binary 
alloys  systems  of  aluminum  and  tested  their  hardness  and  tensile 
strength.  His  method  of  preparation  for  the  alloys  was  the  same 
for  all  series  and  was  as  follows : 

About  900  g of  the  alloy  were  melted  up  in  a small  gas  cruci- 
ble furnace,  poured  into  a chill  mold  to  plates  25  mm  thick. 
These  were  rolled  in  a 30-horsepower  mill  at  the  rate  of  40  m per 
minute.  The  plates  were  first  reheated  after  casting  to  from  400 
to  500°  C and  rolled  with  intermediate  annealing,  with  reductions 
of  each  pass  of  from  1 to  3 mm,  to  a thickness  of  4 mm.  They 
were  then  annealed  and  rolled  cold  to  from  1.3  to  1.5  mm  thick- 
ness. Only  those  alloys  of  which  the  melting  point  was  very 
considerably  lowered  by  the  additions  were  rolled  at  lower  tem- 
peratures or  cold.  Specimens  cut  from  these  sheets  were  then 
annealed  at  from  300  to  350°  in  a muffle  furnace,  allowed  to  cool, 
and  tested  after  several  days. 

His  results  are  given  in  the  Table  17. 
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TABLE  17. — Mechanical  Properties  of  Rolled  Binary  Aluminum  Alloys 
(Schirmeister,  338) 


Per  cent 
composition 

Tensile 

strength 

Elongation 
in  5 cm 

Brinell 
hardness 
(B.  H.  N.)o 

Antimony : 

Lbs./in.2 

Per  cent 

0. 00 

14  900 

34 

29 

0.4 

14  600 

37 

1.0 

14  600 

40 

29 

2.0 

14  600 

38 

3.  2 

14  800 

36 

30 

4.5 

14  900 

32 

6. 0 

14  900 

29 

8.0 

15  400 

23 

27 

10.5 

14  900 

17 

Bismuth: 

0. 0 

16  300 

32 

0.4 

16  600 

33 

1.2 

17  800 

31 

3.0 

16  500 

30 

4.8  

15  800 

30 

Cadmium: 

0.0 

16  300 

32 

31 

0.4 

16  500 

33 

1.3 

16  300 

35 

40 

1.8 

16  300 

36 

2. 7 

16  500 

34 

42 

4.0 

16  500 

32 

6.0 

16  600 

32 

40 

Chromium : 

0.0 

13  500 

41 

26 

0. 3 

17  600 

26 

37 

0.6 

21  200 

17 

44 

0.9 

22  100 

17 

47 

1.4  

19  600 

21 

1.9 

17  500 

22 

38 

2. 6. 

17  600 

21 

3.7 

18  300 

19 

42 

4.5 

18  900 

11 

Cobalt: 

0.0 

14  900 

34 

29 

0.6 

15  500 

35 

32 

1.6 

17  100 

28 

2.3 

17  500 

25 

3.5 

18  300 

21 

47 

5. 5 

22  100 

18 

7.5 

23  600 

14 

50 

9.4 

23  500 

11 

51 

10. 5 

24  200 

11 

12.0 

26  300 

6 

61 

Remarks 


Rolled  at  450-500°  C,  8 m per  minute,  to  1.4  mm. 
It  is  only  possible  to  roll  these  alloys  up  to  11  per 
cent  of  antimony;  even  at  8 per  cent  a certain 
amount  of  tearing  and  cracking  takes  place.  Anti- 
mony is  seen  to  be  an  undesirable  addition  to 
aluminum. 


Rolled  cold,  8 m per  minute,  to  1.4  mm.  The  work- 
ing properties,  both  hot  and  cold,  are  very  unfavor- 
ably affected  by  the  influence  of  bismuth.  The 
physical  properties  attained  indicate  that  bismuth 
is  an  undesirable  addition  to  aluminum. 

Rolled  at  100-150°  C,  8 m per  minute,  to  1.4  mm. 
These  alloys  may  be  rolled  up  to  6 per  cent  or  more. 
Results  show  that  there  is  no  advantage  in  the 
addition  of  cadmium. 


Rolled  at  500°  C,  8 m per  minute  to  1.4  mm.  Chro- 
mium may  be  added  to  aluminum  in  amounts  as 
great  as  5 or  6 per  cent  and  can  be  rolled  at  500° 
up  to  a content  of  4 per  cent.  Chromium  does  not 
seem  to  offer  any  advantages  as  an  addition  to 
aluminum,  although  it  might  be  used  to  harden 
it  in  amounts  up  to  1 per  cent. 


Rolled  450-500  C,  8 m per  minute,  to  1.4  mm.  These 
alloys  may  be  rolled  up  to  approximately  11  per 
cent  of  cobalt.  4 per  cent  of  cobalt  is  about  the 
most  favorable  composition. 


a The  Brinell  hardness  numeral  was  determined  with  a 2.5  mm  ball,  using  a pressure  of  62.5  kg. 
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TABLE  17 — Continued 


Per  cent 
composition 

Tensile 

strength 

Elongation 
in  5 cm 

Brinell 
hardness 
(B.  H.  N.) 

Remarks 

Copper: 

Lbs./im.2 

Per  cent 

0.0 

14  900 

34 

29 

Rolled  at  400-450°  C,  8 m per  minute,  to  1.4  mm. 

0.5 

19  200 

30 

These  alloys  may  be  rolled  hot  up  to  12  per  cent  of 

1.0 

21  900 

26 

41 

copper.  The  author  considers  3 to  4 per  cent  of 

2.1 

24  300 

23 

46 

copper  to  be  the  most  advantageous  composition. 

3.5 

85  600 

22 

48 

5.1 

25  300 

21 

49 

7.1 

25  600 

21 

49 

8.9 

26  600 

19 

52 

n.o 

27  700 

16 

Iron: 

0.9 

14  900 

34 

29 

Rolled  at  450-500°  C,  8 m per  minute,  to  1.4  mm. 

1.3 

15  500 

36 

These  alloys  may  be  rolled  up  to  a composition  of 

1.8 

16  300 

33 

33 

12  per  cent,  although  it  presents  some  difficulty  in 

2.7 

17  500 

31 

most  of  the  alloys.  The  author  considers  that 

3.7 

17  900 

29 

37 

although  the  iron -aluminum  alloys  do  not  show 

5.0 

17  800 

25 

properties  which  would  make  them  of  any  utility 

6.8 

17  600 

18 

38 

it  is  shown  by  his  work  that  2 or  3 per  cent  of  iron 

8.8 

17  100 

12 

in  aluminum  alloys  is  not  harmful. 

11.1 

16  600 

8 

44 

12.5 

16  200 

7 

Lead: 

0.0 

14  900 

34 

Rolled  at  300°  C,  8 m per  minute,  to  1.4  mm.  These 

0.4 

14  200 

40 

alloys  can  be  rolled  hot  quite  readily  up  to  4 per  cent 

0.9 

14  100 

37 

or  more.  The  addition  of  lead  in  small  amounts  is 

1.5 

14  400 

35 

not  of  any  value.  At  the  same  time  it  has  no 

2.5 

14  500 

34 

marked  ill  effect  upon  the  properties  of  the  alumi- 

4.0  

14  200 

34 

num  alloys. 

Magnesium: 

0.0 

14  900 

34 

29 

Rolled  at  450°  C,  8 m per  minute,  to  1.4  mm.  It  is 

0. 3 

15  500 

34 

33 

possible  to  roll  these  alloys  up  to  approximately  6 

0. 6 

16  200 

33 

33 

per  cent.  Above  that  the  alloys  crack  and  splinter. 

1.2 

15  900 

33 

33 

The  author  does  not  consider  that  magnesium  is  a 

1.6 

16  200 

33 

34 

valuable  addition  to  aluminum  for  a rolling  alloy. 

2.6 

21  700 

25 

42 

4.0 

30  000 

22 

54 

6.0 

41  800 

21 

69 

Manganese: 

0.0 

13  500 

41 

26 

Rolled  at  500°  C,  40  m per  minute,  to  1.4  mm.  Man- 

0.4  

14  800 

36 

ganese-aluminum  alloys  may  be  rolled  to  approxi- 

0.6  

15  300 

33 

31 

mately  5 per  cent  without  much  tearing.  The  au- 

0.8  

16  200 

34 

thor  considers  that  1 or  2 per  cent  of  manganese 

1.3 

17  100 

28 

35 

might  be  added  with  advantage  to  aluminum. 

2.4 

18  700 

22 

39 

3.2 

19  100 

19 

4.8 

19  500 

18 

46 
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TABLE  17 — Continued 


Per  cent 
composition 

Tensile 

strength 

Elongation 
in  5 cm 

Brinell  1 
hardness  | 
(B.  H.  N.)  ! 

Molybdenum: 

Lbs./in.2 

Per  cent 

0.0 

13  500 

41 

26 

0.4 

15  900 

36 

33 

0.7 

16  800 

34 

0.9 

16  800 

33 

34 

1.2 

16  400 

29 

33 

1.9 

16  500 

25 

3.7 

16  900 

16 

42 

4.9 

17  200 

16 

Nickel: 

0.0 

13  500 

34 

29 

0.6 

15  900 

33 

1.0 

16  300 

32 

34 

1.9 

18  100 

29 

3.1 

20  900 

27 

44 

4.5 

21  600 

25 

6.2 

21  300 

22 

45 

8.1 

21  200 

16 

47 

10. 3 

23  500 

8 

53 

Silicon: 

0.5 

13  500 

41 

26 

1.7 

14  900 

41 

3.1 

15  900 

40 

- 31 

4.9 

17  800 

35 

7.0 

19  300 

32 

38 

9.8 

21  600 

27 

43 

12.4 

23  800 

23 

46 

15.1 

22  300 

17 

47 

18.  8 

23  300 

11 

Tantalum: 

0.0 

13  500 

41 

26 

0.3 

14  200 

38 

0.8 

15  100 

38 

30 

1.5 

14  600 

38 

2.2 

14  600 

39 

28 

3.5 

14  800 

39 

Tin: 

0.0 

15  500 

37 

31 

0.4 

15  400 

33 

1.0 

15  200 

31 

1.9 

15  300 

29 

31 

3.0 

15  600 

27 

4.8 

15  600 

24 

6.4 

16  100 

26 

32 

8.2. 

16  600 

20 

10.3 

17  400 

17 

12.4 

18  500 

15 

31 

Remarks 


Rolled  at  500°  C,  40  m per  minute,  to  1.4  mm.  These 
alloys  can  be  rolled  up  to  5 per  cent  of  molybdenum. 
The  series  shows,  however,  no  improvement  in 
properties. 


Rolled  at  400-500°  C,  8 m per  minute,  to  1.4  mm. 
These  alloys  can  be  rolled  up  to  from  11  to  12  per 
cent  nickel  without  very  considerable  tearing.  The 
author  considers  those  alloys  containing  approxi- 
mately 4 per  cent  of  nickel  the  best  alloys  of  the 
series. 


Rolled  at  450-500“  C,  40  m per  minute,  to  1.4  mm. 
These  alloys  may  be  rolled  up  to  20  per  cent  of  sili- 
con. The  author  finds  that  the  resistance  to  at- 
mospheric corrosion  of  this  series  is  fairly  good  in 
spite  of  the  fact  that  it  has  been  claimed  that  silicon 
causes  a great  corrodibility  in  aluminum.  The 
author  believes  that  an  addition  of  silicon  is  of  ad- 
vantage, and  that  from  5 to  7 per  cent  of  silicon  may 
be  added  for  rolling  and  forging  alloys. 

Rolled  at  500°  C.,  40  m per  minute,  to  1.4  mm.  Only 
a few  alloys  were  made  of  this  series.  Results 
show  that  tantalum  can  not  be  considered  as  a 
technical  utilizable  constituent  for  aluminum 
alloys. 


Rolled  cold,  40  m per  minute,  to  1.4  mm.  Tin  di- 
minishes the  ease  of  working  aluminum  at  higher 
temperatures;  it  is  possible  to  roll  these  alloys  only 
cold.  Tin  is  an  undesirable  addition  to  aluminum. 
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TABLE  17 — Continued 


Per  cent 
composition 

Tensile 

strength 

Elongation 
in  5 cm 

Brinell 
hardness 
(B.  H.  N.) 

Remarks 

Titanium: 

Lbs./in.2 

P2r  cent 

0.0 

13  500 

41 

26 

Rolled  at  500°  C.,40 m per  minute,  to  1.4  mm.  These 

0.4 

15  600 

31 

34 

two  metals  are  quite  readily  alloyed,  although  a 

0.8 

16  400 

31 

high  pouring  temperature  is  necessary.  Up  to  6 

1.2 

16  100 

31 

per  cent  of  titanium  the  alloys  of  this  series  are 

1.6 

16-  400 

30 

33 

readily  rolled.  The  physical  properties  are  not 

2.1 .* 

16  800 

27 

such  that  to  the  alloys  may  be  attributed  any  tech- 

3.1  

17  400 

23 

35 

nical  importance. 

4.5 

18  500 

19 

6.2 

20  100 

16 

42 

Tungsten: 

0.0 

13  500 

41 

26 

Rolled  at  500°  C.,  40  m per  minute,  to  1.4  mm.  The 

0.3 

14  200 

42 

29 

ease  of  rolling  hot  is  not  unfavorably  affected  by 

0.6 

14  800 

42 

tungsten,  which  can  be  added  to  aluminum 

1.1 

15  500 

40 

32 

up  to  6 per  cent.  Tungsten  does  not  seem  to 

2.0 

15  400 

36 

34 

offer  any  advantages  as  an  addition  to  aluminum. 

3.5 

15  500 

33 

6.0 

15  400 

32 

33 

Vanadium: 

0.0 

13  500 

41 

26 

Rolled  at  500°  C.,  40  m per  minute,  to  1.4  mm.  The 

0.4 

15  500 

38 

addition  of  vanadium  to  aluminum  presents  some 

0.8 

16  100 

36 

33 

difficulty,  but  it  can  be  added  and  rolled  up  to  4 per 

1.2 

16  800 

34 

34 

cent.  The  author  states  that  for  a rolling  alloy  1 or 

2.0 

17  800 

28 

38 

2 per  cent  of  vanadium  might  well  be  used. 

2.8 

17  800 

tl 

3.7 

17  500 

29 

39 

Zinc: 

0.0 

14  900 

34 

29 

Rolled  at  8 m per  minute,  350-400°  C,  to  1.4  mm. 

0.6 

16  400 

32 

Can  be  rolled  up  to  30  per  cent;  most  suitable 

1.3 

17  900 

24 

compositions  are  from  12  to  14  per  cent.  These 

3.0 

17  800 

27 

34 

alloys  can  be  rolled  up  to  30  per  cent  of  zinc. 

4.0 

17  800 

27 

The  author  considers  that  the  most  suitable  of 

5.7 

18  800 

26 

37 

them  are  those  with  from  12  to  14  per  cent  of  zinc. 

7.8 

20  200 

28 

10  3 

24  200 

32 

42 

12.7 

29  000 

33 

16.0 

25  600 

26 

60 

18.5 

41  000 

20 

23.0 

50  100 

17 

25.3 

53  500 

15 

124 

Zirconium: 

0.0 

13  500 

41 

26 

Rolled  at  500°  C,  40  m per  minute,  to  1.4  mm.  Zir- 

0.4  

15  100 

34 

conium  acts  much  as  does  titanium  as  an  alloy 

0.8 

15  200 

34 

31 

constituent  of  aluminum.  Alloys  may  be  rolled  up 

1.2 

15  100 

34 

to  6 per  cent  of  zirconium,  do  not  show  any  re- 

1.6  

15  400 

34 

31 

markable  good  physical  properties,  however. 

2.4 

15  800 

34 

3.2 

16  100 

33 

33 

4.5 

16  900 

28 

6.0 

17  800 

25 

37 

74699°— 19 5 
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(b)  EQUILIBRIA,  BINARY  AND  TERNARY 

In  Table  i8-  are  described  the  equilibria  for  binary  alloy  sys- 
tems of  aluminum  as  far  as  they  are  known.  References  are 
given  for  binary  and  ternary  systems. 

It  is  observed  that  most  metals  form  compounds  with  aluminum. 
The  solubility  of  the  aluminum-rich  compound  in  the  solid  alumi- 
num is  generally  almost  zero.  The  three  prominent  exceptions  to 
this  fact  are  zinc,  copper,  and  magnesium. 

The  light  alloys  of  aluminum  with  these  metals  contain  only 
small  quantities  of  the  added  metal,  as  with  increasing  amounts 
the  alloy  quickly  becomes  brittle. 

Metallographically  the  light  alloys  are  therefore  usually  hetero- 
geneous, with  a groundmass  of  almost  pure  aluminum  and  crystals 
of  the  compound  of  aluminum  with  the  added  metal.  These  are 
hard,  brittle,  and  more  resistant  to  corrosion  than  aluminum. 

EX.  COMMERCIAL  ALLOYS 

From  the  practical  standpoint  of  the  relative  value  of  the  vari- 
ous alloys  which  have  been  studied,  the  results  of  these  investiga- 
tions are  summarized  in  a statement  of  the  alloys  which  are  in  com- 
mercial use  to-day.  The  industry  has  taken  and  developed  further 
those  alloys  which  the  results  of  investigation  have  shown  to  be 
promising  either  from  the  standpoint  of  mechanical  strength  or  of 
other  special  properties. 

For  casting  alloys  the  aluminum-zinc-copper  or  the  aluminum- 
copper  alloys  have  been  most  largely  used,  whereas  for  forging  and 
rolling  the  alloy  duralumin  has  hitherto  held  its  own  in  the  com- 
mercial field.  The  only  serious  rival  which  duralumin  has  to-day 
as  a rolling  and  forging  alloy  of  maximum  mechanical  strength  is  one 
of  aluminum-zinc-copper  developed  by  Rosenhain  and  Archbutt 
(436). 

1.  CASTING  AND  DIE  CASTING 

Pure  aluminum  is  but  rarely  used  in  the  cast  form,  owing  to  its 
softness,  high  shrinkage,  and  poor  machining  qualities.  Its  alloys, 
however,  with  zinc,  copper,  or  magnesium,  or  combination  of 
these,  are  excellent  and  give,  with  proper  care,  excellent  castings. 

In  general  the  casting  practice  for  aluminum  alloys  follows  that 
for  brasses  and  bronzes.  The  alloys  may  preferably  be  melted  in 
ordinary  graphite  crucibles  in  either  oil,  gas,  coke,  or  coal  furnace. 
Care  should  be  taken  not  to  overheat  the  metal,  as  it  then  oxidizes, 
absorbs  gases,  and  may  at  higher  temperatures  absorb  carbon  and 
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silicon  from  the  crucible.  Good  practice  favors  keeping  the  tem- 
perature of  the  metal  during  melting  down  practically  at  its  melting 
point  by  the  continuous  addition  of  solid  metal.  Pouring  should 
be  done  at  the  lowest  temperature  at  which  it  will  completely  fill 
the  mold.  A temperature  of  700°  C or  below  is  satisfactory.  A 
low-pouring  temperature  is  particularly  important  for  aluminum 
castings,  because  of  the  high  specific  heat  of  the  metal.  If  poured 
at  a high  temperature  the  metal  in  cooling  heats  the  mold  so  hot 
that  the  rate  of  cooling  is  very  slow.  A coarse  grain  and  weak 
metal  result. 

No  flux  should  be  used  in  melting  down,  and  the  surface  should 
not  be  covered  with  carbon,  as  this  may  be  included  in  the  casting. 
Just  before  pouring,  however,  a small  amount  of  zinc  chloride  may 
be  added  with  advantage.  This  thoroughly  cleans  the  surface  and 
prevents  dross  from  entering  the  casting. 

In  molding  castings  to  be  poured  in  almninum  alloy  two  char- 
acteristics of  the  material  should  be  borne  in  mind:  (1)  The  metal 
and  its  alloys  are  quite  brittle  or  “hot  short”  and  fragile  at  tem- 
peratures just  below  the  melting  point,  and  (2)  they  are  light.  Con- 
sideration of  the  first  fact  means  that  the  mold  or  cores  should  not 
be  too  hard.  Ordinary  green  sand,  not  too  fine,  is  to  be  recom- 
mended, and  hard  ramming  is  to  be  avoided.  A large  percentage 
of  bad  castings  are  probably  due  to  nonadherence  to  this  principle. 

The  mold  should  be  poured  carefully  and  not  too  rapidly,  as  the 
metal  may  otherwise  fail  to  fill  finer  parts  of  the  mold.  The 
casting  should  be  stripped  as  soon  as  set  in  order  to  prevent 
cracking.  Owing  to  the  lightness  of  the  alloys,  chaplets  are  rarely 
needed  in  anchoring  cores. 

Commercial  casting  alloys  may  be  obtained  in  ingot  form,  and 
it  is  perhaps  in  general  best  to  use  such  material.  If  the  metals 
are  alloyed  in  the  foundry,  a hardener  should  first  be  made  con- 
taining from  10  to  50  per  cent  of  the  alloying  constituent.  In 
melting  down  this  hardener  is  first  melted  and  the  aluminum  then 
added. 

For  the  usual  alloys  0.156  inch  per  foot  is  accepted  as  the  pattern 
maker’s  allowance  for  shrinkage;  for  aluminum  this  is  0.203  inch 
per  foot.  1 


# TABLE  18.— Equilibrium  Diagrams  of  Aluminum  Alloys 

[A,  B,  C=  Binary  systems.  D=Ternary  systems] 

(A)  A COMPOUND  OR  COMPOUNDS  OF  THE  METAL  WITH  ALUMINUM  ARE  FORMED;  THE  ALUMINUM -RICH  COMPOUND  FORMS  A EUTECTIC 
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(C)  THE  METALS  FORM  A SIMPLE  EUTECTIFEROUS  SERIES 
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(a)  REMELTING  OF  ALUMINUM 

The  remelting  of  scrap  aluminum  alloy  in  coarse  form  offers  no 
particular  difficulty,  but  that  of  borings  and  chips  is  extremely 
difficult  (Gillet,  304) , owing  to  the  fact  that  each  particle  is  covered 
with  an  extremely  tenacious  coating  of  A1203,  which  effectually 
prevents  its  coalescence  with  its  neighbor.  Two  remelting  meth- 
ods are  in  commercial  use.  In  one  the  chips  are  puddled  in  iron 
pots  until  a pasty  mass  of  metal  accumulates,  which  is  then  heated 
to  a red  heat  until  the  dross  and  dirt  rises,  leaving  clear  metal. 
In  the  other  the  chips  are  mixed  with  a chloride  and  fluoride  flux 
and  melted  in  a crucible  until  the  metal  collects  at  the  bottom. 
In  a modification  of  this  method  (McKinney,  304)  a low  melting- 
point  chloride-fluoride  flux  is  melted  down  in  a crucible  and  the 
aluminum  chips  fed  into  it.  The  oxide  is  fluxed  off  of  the  chips, 
which  melt  and  collect  at  the  bottom. 

By  these  methods  from  50  to  95  per  cent  recovery  of  metal  is 
accomplished,  depending  on  the  cleanliness  of  the  chips.  The 
metal  should  not  be  used  except  for  unimportant  castings  of  which 
the  mechanical  properties  are  not  a prime  consideration.  Chips  of 
magnalium,  remelted  by  a method  described  by  Coulson  (392)  gave 
much  lower  tensile  strength  than  the  original  virgin  metal  and 
practically  no  ductility.  The  use  of  a deoxidizer,  such  as  metallic 
calcium,  caused  a partial  recovery  of  the  former  mechanical 
properties. 

A more  recent  development  has  been  the  practice  of  briquetting 
light  scrap  of  alluminum  alloy  (Stillman,  297).  Tests  made 
showed  a shorter  melting  time  and  a lower  melting  loss  for  remelted 
briquetted  “aluminum”  than  for  remelted  chips  (8.1  per  cent  as 
against  13.8  per  cent  melting  loss). 

(b)  EFFECT  OF  CASTING  SECTION  AND  OF  POURING  TEMPERATURE  ON  MECHANICAL 

PROPERTIES 

Gillett  (314)  has  investigated  the  important  question  of  the  effect 
of  pouring  temperature  on  the  mechanical  properties  of  aluminum 
alloy  castings. 

A heat  of  No.  12  alloy  (see  Sec.  IX-i-(j))  was  poured  at  703 0 C 
into  test  bars  of  different  sizes,  the  tests  results  of  which  are  given 
in  Table  19.  It  is  seen  that  the  greater  the  cross  section  of  the 
casting  the  lower  is  the  resulting  tensile  strength. 
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TABLE  19.— Tensile  Properties  of  No.  12  Casting  Alloy  (Gillett,  314) 
A.  EFFECT  OF  CASTING  SECTION 


Dimensions  ol  section  in  inches 

Area  of  section 
in  square 
inches 

Tensile 
strength  in 
pounds  per 
square  inch 

0.9  by  0.4 

0.36 

16  000 

0.75  by  0.25 

.188 

18  000 

0.40  round 

.125 

20  000 

0.45  round 

.157 

19  000 

0. 50  round 

.196 

18  000 

0.75  round 

.440 

16  000 

1.00  round 

.786 

13  500 

B.  EFFECT  OF  POURING  TEMPERATURE 


Temperature, 
in  degrees 
Fahrenheit 

Tensile 
strength  in 
pounds  per 
square  inch 

1200 

20  000 

1250 

19  500 

1300 

14  200 

1350 

18  500 

1400 

18  000 

1450 

17  800 

1500 

17  500 

1550 

17  000 

1600 

16  000 

In  part  B of  the  same  table  are  given  Gillett’s  results  on  the 
effect  of  pouring  No.  12  alloy  into  a (S.  A.  E.)  cast-to-size  test  bar 
(0.5  inch  diameter)  in  green  sand  from  different  temperatures. 
The  hardness  decreases  with  increasing  pouring  temperature. 
Gillett  tested  the  effect  of  pouring  temperature  on  53  alloys  in  all 
(see  Table  20),  and  concludes  that  in  general  the  alloys  are  weaker 
by  approximately  20  per  cent  when  poured  hot  (1550  to  1600°  F) 
than  when  poured  cold  (1225  to  1250°  F).  An  exception  was 
noted  in  the  case  of  the  5 per  cent  magnalium  and  of  the  2 per 
cent  manganese  alloy. 
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TABLE  20. — Effect  of  Pouring  Temperature  on  the  Tensile  Strength  of  Light 
Aluminum  Alloys  (Gillette,  314)  a 


Lower  pouring 
temperature 

Higher  pouring 
temperature 

Chemical  composition 

Pouring 
temperature 
in  degrees 
centigrade 

Tensile 
strength  in 
pounds  per 
square  inch 

Pouring 
temperature 
in  degrees 
centigrade 

Tensile 
strength  in 
pounds  per 
square  inch 

Pure  aluminum 

760 

10  500 

871 

8 000 

Copper-aluminum  alloys: 

2 per  cent  copper 

668 

13  800 

871 

11  500 

4 per  cent  copper 

668 

15  500 

871 

13  000 

6 per  cent  copper 

668 

17  600 

871 

14  500 

8 per  cent  copper 

668 

20  000 

€71 

15  500 

10  per  cent  copper 

668 

21  000 

871 

16  000 

12  per  cent  copper 

668 

22  500 

871 

17  500 

Zinc-aluminum  alloys: 

4 per  cent  zinc ■ 

668 

13  000 

843 

10  000 

8 per  cent  zinc 

668 

17  000 

843 

12  700 

12  per  cent  zinc 

668 

21  000 

843 

14  000 

16  per  cent  zinc 

668 

24  000 

843 

17  000 

20  per  cent  zinc 

668 

27  000 

843 

20  000 

24  per  cent  zinc 

668 

30  000 

843 

24  500 

28  per  cent  zinc 

668 

33  000 

843 

27  500 

32  per  cent  zinc 

668 

35  000 

843 

30  000 

36  per  cent  zinc 

668 

37  000 

843 

33  000 

Copper-zinc -aluminum  alloys: 

8 per  cent  copper  and  0.25  per  cent  zinc 

668 

20  000 

843 

17  000 

8 per  cent  copper  and  0.50  per  cent  zinc 

668 

20  500 

843 

17  000 

7.5  per  cent  copper  and  1 per  cent  zinc 

668 

18  000 

843 

14  000 

7 per  cent  copper  and  3 per  cent  zinc 

668 

19  500 

843 

15  500 

7 per  cent  copper  and  9 per  cent  zinc 

668 

25  000 

843 

18  000 

6 per  cent  copper  and  5 per  cent  zinc 

668 

20  000 

843 

15  000 

5 per  cent  copper  and  10  per  cent  zinc 

668 

24  000 

843 

18  500 

4 per  cent  copper  and  8 per  cent  zinc 

668 

23  500 

843 

17  000 

4 per  cent  copper  and  15  per  cent  zinc 

668 

32  000 

843 

23  000 

3 per  cent  copper  and  3 per  cent  zinc 

668 

17  000 

843 

13  000 

3 per  cent  copper  and  6 per  cent  zinc 

668 

19  000 

843 

13  500 

3 per  cent  copper  and  12  per  cent  zinc 

668 

26  000 

843 

18  500 

3 per  cent  copper  and  15  per  cent  zinc 

668 

28  500 

843 

19  500 

3 per  cent  copper  and  25  per  cent  zinc 

668 

37  500 

843 

29  500 

2.5  per  cent  copper  and  19  per  cent  zinc 

668 

33  000 

843 

25  000 

2 per  cent  copper  and  10  per  cent  zinc 

668 

23  000 

843 

15  500 

2 per  cent  copper  and  22  per  cent  zinc 

668 

36  000 

843 

28  000 

2 per  cent  copper  and  25  per  cent  zinc 

668 

37  000 

843 

33  000 

1.75  per  cent  copper  and  30  per  cent  zinc 

668 

42  000 

843 

34  000 

3 per  cent  copper,  15  per  cent  zinc,  and  0.50  per  cent 
manganese 

668 

30  000 

843 

20  000 

Miscellaneous: 

2 per  cent  manganese 

649 

19  000 

843 

18  500 

5 per  cent  magnesium 

676 

20  500 

760 

20  000 

8 per  cent  copper  and  0.25  per  cent  manganese 

649 

20  000 

814 

17  500 

7 per  cent  copper  and  0.33  per  cent  manganese 

649 

19  000 

814 

16  000 

6 per  cent  copper  and  0.50  per  cent  manganese 

676 

18  500 

814 

16  500 

° The  bars  were  presumably  poured  into  the  S.  A.  E.  cast-to-size  test  bar  in  green  sand.  Aluminum 
containing  0.3  per  cent  iron  and  0.2  per  cent  silicon  was  used  in  the  preparation  of  the  alloys. 
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TABLE  20 — Continued 


Chemical  composition 

Lower  pouring 
temperature 

Higher  pouring 
temperature 

Pouring 
temperature 
in  degrees 
centigrade 

Tensile 
strength  in 
pounds  per 
square  inch 

Pouring 
temperature 
in  degrees 
centigrade 

Tensile 
strength  in 
pounds  per 
square  inch 

Miscellaneous — Continued 

4 per  cent  copper  and  1 per  cent  manganese 

676 

16  000 

814 

15  000 

8 per  cent  copper  and  2 per  cent  tin 

657 

18  000 

802 

15  750 

5 per  cent  copper  and  3 per  cent  tin 

657 

16  800 

814 

15  000 

6 per  cent  copper  and  1 per  cent  nickel 

703 

18  200 

871 

14  500 

8 per  cent  copper  and  0.25  per  cent  titanium 

676 

19  000 

814 

18  400 

8 per  cent  copper  and  0.25  per  cent  chromium 

649 

19  500 

814 

15  900 

8 per  cent  copper  and  0.25  per  cent  antimony 

676 

20  000 

814 

17  400 

8 per  cent  copper  and  0.25  per  cent  vanadium 

676 

20  000 

814 

18  500 

8 per  cent  copper  and  0.25  per  cent  cadmium 

676 

18  600 

814 

15  800 

8 per  cent  copper  and  0.25  per  cent  bismuth. 

676 

18  000 

814 

14  000 

4 per  cent  copper  and  8 per  cent  silver 

703 

19  700 

843 

15  400 

8 per  cent  copper,  1.5  per  cent  iron,  and  0.75  per  cent 

silicon 

676 

21  000 

814 

18  000 

Rosenhain  and  Lantsberry  (463)  have  studied  the  effect  of 
pouring  temperature  on  the  tensile  properties  of  a chill-cast 
aluminum-manganese-copper  alloy  No.  10  (see  Table  13)  and  find 
the  following  results : 


Pouring  temperature  in  degrees  centigrade 

Tensile 

strength 

Elongation 
in  2 inches 

775-737 

Lbs./in.2 

12  900 

Per  cent 

2 

687-675 

26  000 

8 

650 

25  300 

8 

Other  tests  have  been  made  by  Donaldson  (435,  discussion), 
who  finds  a falling  off  in  tensile  strength  and  elongation  for  an 
alloy  of  19  per  cent  zinc  and  1 per  cent  copper  when  poured 
between  800  and  850°  C. 


Pouring  temperature  in  degrees  centigrade 

Tensile 

strength 

Elongation 
in  2 inches 

850 

Lbs./in.2 

20  400 

Per  cent 
1.8 

800 

29  300 

4.0 

700 

22  000 

2.5 
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Tests  by  Carpenter  and  Edwards  (377)  give  the  following  results 
for  chill  castings  of  an  alloy  of  4.63  per  cent  copper,  balance 
aluminum : 


Pouring  temperature  in  degrees  centigrade 


650 

724 

707 


Tensile 

strength 


Lbs./in.2 
21  700 
15  700 
10  900 


Elongation 
in  2 inches 


Per  cent 

8.5 

5.5 
3.0 


Tests  by  Rosenhain  (435,  discussion),  contribute  the  following 
values  for  chill  castings  of  an  alloy  of  20  per  cent  zinc  and  1 per 
cent  copper : 


Pouring  temperature  in  degrees  centigrade 

Tensile 

strength 

Elongation 
in  2 inches 

850 

Lbs./in.2 

24  000 

30  800 

31  500 

31  700 

30  900 

Per  cent 
2.5 

4.0 

3.0 

4.0 

5.0 

800  

750 

700  

650 

(c)  DIE  CASTING 

The  term  “die  casting”  is  rather  vaguely  understood  to  con- 
note the  casting  of  metal  in  metallic  molds  either  with  or  without 
the  mechanical  application  of  pressure. 

Die  castings  may  readily  be  made  of  aluminum  alloys;  particu- 
larly the  copper-aluminum  alloys  are  suitable  for  this  class  of 
work.  Aluminum-zinc  alloys  are  difficult  to  handle  because  of 
their  hot-shortness  (Norton,  308).  Norton  describes  the  use  by 
the  Aluminum  Castings  Co.  of  No.  12  alloy  for  this  purpose. 
This  metal  gives  castings  which  are  of  smooth  surface,  dense, 
and  dimensionally  true  within  a very  small  margin  ( ± 0.005  inch) . 
Mechanical  properties  for  die  castings  of  No.  12  average: 


Sand 

castings 

Die 

castings 

Tensile  strength  in  pounds  per  square  inch 

20  000 

25  000 

Yield  point  (stress  for  0.01  inch  elongation  in  2 inches)  in  pounds  per  square  inch  . 
Elongation  in  2 inches,  per  cent 

13  000 

1.7 

13  000 

3.1 

Density 

2.84 

2.87 
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Many  articles  are  now  die-cast  in  this  alloy,  such  as  parts  of 
cash  registers,  typewriters,  adding  machines,  and  cooking  utensils. 
Pistons  for  gasoline  motors  are  now  produced  of  this  alloy  by  die 
casting. 

Pack  (300)  describes  an  aluminum-copper  alloy  which  is  being 
commercially  die  cast  under  pressure.  The  chief  commercial  dif- 
ficulty with  the  die  casting  of  aluminum  is  the  cracking  or  heat 
checking  of  the  iron  or  steel  molds  used.  Cracks  appear  in  the 
mold  after  about  2 000  castings  have  been  made  in  it. 

(d)  COMPOSITION  AND  PROPERTIES 

The  physical  properties  of  light  casting  alloys  with  which  one 
is  concerned  are  the  tensile  properties  and  the  resistance  to  alter- 
nating stresses.  The  tensile  properties  of  commercial  alloys  are, 
of  course,  well  known.  Practically  no  data  on  the  resistance  to 
alternating  stresses  of  these  alloys  are  published,  although  such 
data  are  of  the  utmost  importance  in  view  of  the  use  of  such 
castings  for  machine  parts  subject  to  vibration,  such  as  motor- 
crank  cases. 

Some  confusion  exists  with  respect  to  the  description  of  tensile 
properties.  In  this  country  a test  specimen  cast  to  size  in  green 
sand  is  usually  used  to  determine  these  properties.  This  is  usu- 
ally 0.5  inch  in  diameter  over  the  reduced  section.  In  Great  Brit- 
ain a specimen  cast  to  size  in  a chill  is  often  used.  Experience  has 
shown  that  the  tensile  strength  of  chill-test  castings  of  light  alloys 
will  usually  average  from  3000  to  5000  pounds  per  square  inch 
higher  than  for  sand-cast  ones.  This  should  always  be  borne  in 
mind  in  comparing  tests  of  these  alloys. 

Not  only  is  the  tensile  strength  of  chill  castings  higher  than  that 
of  sand  castings,  but  also  the  elongation.  In  general  any  varia- 
tion of  casting  condition  which  increases  the  tensile  strength  of  a 
casting  alloy  increases  also  its  ductility  (elongation) , and  a double 
gain  of  hardness  and  toughness  is  thereby  obtained. 

Satisfactory  results  are  obtained  either  on  a cast-to-size  test 
coupon,  poured  horizontally  in  sand  with  gate  and  riser,  or  with 
the  Webbert  type  of  cast-to-size  coupon,  cast  in  core  sand  and 
fed  along  its  whole  length  by  a gate  and  pouring  head.  The  Naval 
Gun  Factory  (Washington)  uses  the  latter  form  with  a gate  five- 
eighths  inch  thick. 

1.  “No.  12  alloy”  (92  per  cent  aluminum,  8 percent  copper): 
Melting  range,  637  to  540°  C;  shrinkage,  0.156  inch  per  foot. 
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Probably  95  per  cent  of  all  light  alloy  castings  made  in  this 
country  are  of  this  alloy,  probably  the  best  known  one  to  the  trade. 
It  is  easily  handled  in  the  foundry,  and  does  not  suffer  from  hot- 
shortness to  the  same  degree  that  some  of  the  other  alloys  do. 
This  alloy  can  be  depended  on  to  give  the  following  tensile  prop- 
erties when  properly  cast: 

Tensile  strength,  in  pounds  per  square  inch 18  ooo 

Elongation  in  2 inches,  per  cent 1.  5 

Specific  gravity 2.  89 

If  the  alloy  is  overheated  or  poured  too  hot,  the  tensile  strength 
may  be  as  low  as  1 5 000  pounds  per  square  inch.  On  the  other 
hand,  with  skillful  handling  in  the  foundry  a greater  hardness  may 
be  obtained,  i.  e.,  as  high  as  tensile  strengths  from  20  000  to  24  000 
pounds  per  square  inch. 

Jeffries 3 finds  that  this  alloy  when  properly  cast  to  give  from 
20  000  to  24  000  pounds  per  square  inch  tensile  strength  will  with- 
stand 1 000  000  alternations  of  stress  between  o and  1 2 000  pounds 
per  square  inch  tension  without  failure.  The  alloy  is  not  as  strong 
in  impact  test  as  No.  31.  (See  3 below.) 

Broniewski  (374)  finds  the  electrical  resistance  of  an  alloy  of 
this  approximate  composition  to  be  5.60  microhm-cm. 

2.  Copper  alloys  containing  from  8.5  to  14  per  cent  copper: 
Melting  range,  630  to  540°  C (depending  on  copper  content) ; 
shrinkage,  0.156  inch  per  foot. 

These  alloys  are  used  for  castings  which  are  to  be  subjected  to 
high  temperatures,  such  as  manifolds,  pistons,  and  also  for  cast- 
ings to  withstand  pressure,  such  as  for  pumps,  etc. 

The  8.5  to  11  per  cent  alloy  is  generally  used  for  pistons,  and  the 
11  to  14  per  cent  alloy  used  for  pressure  castings. 

These  alloys  will  ordinarily  give  the  following  physical  properties. 

Tensile  strength,  in  pounds  per  square  inch 18  ooa-19  000 

Elongation  in  2 inches Usually  less  than  1 per  cent. 

Density  8.5  to  11  per  cent 2. 95 

Density  n to  14  per  cent 3.  00 

Certain  of  the  Tynite  casting  alloys  manufactured  by  the 
Aluminum  Castings  Co.  are  almost  identical  with  the  above  Nos. 
1 and  2.  The  composition  and  physical  properties  of  the  Lynite 
alloys  as  guaranteed  by  the  company  are  as  follows: 4 


3 Private  communication  from  the  Aluminum  Castings  Co.,  through  Prof.  Z.  Jeffries. 

* Communication  from  the  Aluminum  Casting  Co.  through  Prof.  Z.  Jeffries. 
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Lynite  No.  146  (for  general  castings,  such  as  propellers,  crank  cases,  etc.):  , 


Copper,  per  cent 7 .0-8. 5 

Other  elements,  per  cent Not  over  1.7 

Aluminum Balance 

Density Not  over  2.89 

Sand  cast — 

Tensile  strength  in  pounds  per  square  inch 24  000-28  000 

Elongation  in  2 inches,  per  cent 1.  4 

Die  cast — Tensile  strength  in  pounds  per  square  inch About  28  000 

Lynite  No.  122  (for  castings  for  use  at  higher  temperatures,  pistons, 
etc.): 

Copper,  per  cent 9.  25-10.  75 

Other  elements,  per  cent Not  over  2 

Aluminum Balance 

Density Not  over  2.95 

Die  cast — Tensile  strength  in  pounds  per  square  inch About  28  000 

Lynite  No.  109  (for  pressure  castings): 

Copper,  per  cent 11.  5-13.  5 

Other  elements,  per  cent Not  over  1.7 

Aluminum Balance 

Density Not  over  2.97 

Sand  cast — Tensile  strength  in  pounds  per  square  inch 19  000 


3.  “No.  31  ” (zinc  15  per  cent,  copper  3 per  cent,  aluminum  82 
per  cent) : Melting  range,  625  to  440  0 C;  shrinkage,  0.156  inch  per 
foot. 

This  alloy  has  hitherto  been  used  more  extensively  abroad,  par- 
ticularly in  Great  Britain,  than  in  this  country.  Its  higher  ten- 
sile strength  as  compared  with  No.  12  has  not  in  this  country 
outweighed  the  doubt  in  the  minds  of  many  of  its  performance 
and  its  freedom  from  deterioration  upon  aging.  This  illusion  has 
now,  it  is  believed,  been  largely  dispelled,  and  there  seems  no 
reason  why  the  alloy  should  not  become  more  popular. 

This  alloy  can  usually  be  depended  on  to  give  the  following 


properties : 

Tensile  strength  in  pounds  per  square  inch 22  000-25  000 

Elongation  in  2 inches,  per  cent o.  5-3 

Specific  gravity 3 


When  poured  properly  and  at  a low  temperature  a tensile 
strength  of  30  000  pounds  per  square  inch  may  be  obtained  with 
this  alloy. 

This  alloy  has  a lower  resistance  to  alternating  stresses  but  is 
tougher  in  impact  than  the  copper  alloys  (Nos.  1 and  2)  .5 

4.  Magnalium:  Melting  range,  625  to  450°  C. 

This  alloy  is  one  of  the  earliest  commercial  alloys.  The  term 
originally  connoting  an  alloy  of  aluminum  containing  from  5 to 


6 Communication  from  Prof.  Jeffries  of  the  Aluminum  Castings  Co. 
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30  per  cent  of  magnesium  now  covers  a variety  of  commercial 
alloys  containing  magnesium  and  also  small  quantities  of  copper 
and  nickel. 

A “ magnalium  ” used  at  one  time  by  the  Westinghouse  Electric 
& Manufacturing  Co.  (371)  contains  5 per  cent  of  magnesium. 
This  alloy  may  be  depended  on  to  give  the  following  tensile  prop- 


erties: 6 

Tensile  strength  in  pounds  per  square  inch 20  000 

Elongation  in  2 inches,  per  cent o.  5-2 

Specific  gravity 2.  63 


With  care  a tensile  strength  of  25  000  pounds  per  square  inch 
and  an  elongation  of  5 per  cent  may  be  obtained  on  this  alloy. 

5.  Alloy  containing  35  per  cent  zinc:  Melting  range,  585  to  440° 
C;  shrinkage,  0.156  inch  per  foot. 

This  alloy  is  much  used  for  general  castings  in  which  strength 
is  not  a principal  consideration.  It  casts  well  but  has  little  or  no 
ductility.  Its  tensile  strength  is  usually  about  35  000  pounds  per 
square  inch  as  cast.  Its  specific  gravity  is  3.32. 

6.  Alloy  containing  1 to  2 per  cent  of  copper  and  1 per  cent  of 
manganese:  Melting  range,  649  to  5290  C. 

This  alloy  is  described  by  McKinney  (450)  and  is  suitable  both 
for  casting  and  for  forging.  Cupromanganese  may  be  used  in 
preparing  it,  and  it  is  not  apparently-  a difficult  alloy  to  handle  in 
the  foundry.  This  alloy  will  usually  have  the  following  tensile 


properties  or  better : 

Tensile  strength  in  pounds  per  square  inch 18  ooo 

Elongation  in  2 inches,  per  cent 8 

Specific  gravity About  2.80 


With  care  this  alloy  may  be  cast  to  have  a tensile  strength  of 
20  000  pounds  per  square  inch,  with  an  elongation  in  2 inches  of 
10  per  cent.  This  alloy  is  used  almost  entirely  by  the  Naval  Gun 
Factory,  Washington,  D.  C. 

2.  ROLLING  AND  FORGING 

Alloys  for  rolling  or  forging  generally  contain  smaller  percent- 
ages of  the  “hardener”  metal  than  those  for  casting.  Except 
when  zinc  is  used,  the  total  content  of  added  metal  to  such  alloys 
rarely  exceeds  6 per  cent,  and  is  usually  less.  The  rolling  or 
forging  of  these  alloys  is  usually  carried  out  in  a manner  quite 
similar  to  the  practice  followed  for  aluminum,  although  the  tem- 
peratures used  for  hot  breaking  down  are  often  somewhat  lower 


•6  Communicated  by  Mr.  J.  L-  Jones  of  the  Westinghouse  Co. 
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owing  to  the  lower  melting  point  of  the  alloy,  and  the  alloy  is 
usually  annealed  during  cold-rolling. 

1.  Aluminum-manganese  alloy:  An  alloy  (No.  3-S)  containing 
manganese  is  rolled  by  the  Aluminum  Co.  of  America  particularly 
into  sheet,  for  use  wherever  a stiffer  material  than  aluminum  is 
desired.  This  alloy  is  superior  in  its  resistance  to  corrosion  to 
most  other  alloys  of  aluminum.  The  tensile  properties  of  this 
alloy  in  sheet  form  average : 


Hard 

Soft 

Tensile  strength  in  pounds  per  square  inch 

30  000 

15  000 

Elongation  in  2 inches,  per  cent 

2 

25 

2.  Alloy  containing  1 to  2 per  cent  copper  and  1 per  cent 
manganese:  This  alloy,  used  at  the  Naval  Gun  Factory  (450)  for 
small  forgings,  may  be  readily  forged  at  a temperature  of  about 
5250  C.  If  finished  at  a temperature  of  about  250°  C,  the  forging 
is  much  harder.  Forgings  of  this  alloy  give  the  following  tensile 
properties : 


Finished  cold 

Finished  hot 

Tensile  strength  in  pounds  per  square  inch 

27  800 

21  100 

Yield  point  in  pounds  per  square  inch 

27  800  (?) 

12 

12  200 

Elongation  in  2 inches,  per  cent 

27 

Reduction  of  area,  per  cent 

47 

49 

The  alloy  is  said  to  be  quite  satisfactorily  resistant  to  corrosion 
in  sea  air. 

3.  A forging  alloy  used  by  the  Aluminum  Castings  Co.  has  the 
following  chemical  composition:  Copper,  2.75  to  3.25  per  cent; 
aluminum,  balance. 

It  will  yield  the  following  tensile  properties: 


Tensile  strength  in  pounds  per  square  inch 24  000 

Yield  point  in  pounds  per  square  inch 16  000-17  000 

Elongation  in  2 inches,  per  cent Not  under  3.5 


4.  A machining  rod  alloy  (No.  15-S)  containing  zinc  and  copper 
is  produced  by  the  Aluminum  Co.  of  America.  The  average 


properties  are: 

Tensile  strength  in  pounds  per  square  inch 42  000 

Elongation  in  2 inches,  per  cent 10 


5.  The  Aluminum  Co.  of  America  recommends  an  alloy  of  from 
10  to  15  per  cent  zinc  for  general  forgings.  This  is  said  to  flow 
well  in  the  dies,  and  has  satisfactory  physical  properties. 


8o 


Circular  of  the  Bureau  of  Standards 


3.  DURALUMIN7 

The  most  remarkable  light  alloy  of  aluminum  is  undoubtedly 
duralumin,  the  behavior  and  properties  of  which  were  discovered 
by  Wilm  (472)  during  his  investigation  during  the  years  from  1903 
to  1911.  The  remarkable  feature  about  it  is  that  its  mechanical 
properties  may  be  vastly  improved  by  heat  treatment. 

The  composition  of  this  alloy  varies  somewhat.  On  the  Con- 
tinent the  following  range  of  compositions  is  used: 

Percent 

Copper- 3- 5-5- 5 

Magnesium o.  5 

Manganese o.  5-0.  8 

Aluminum Balance 

It  is  thus  an  alloy  which  can  readily  be  rolled  or  forged.  Indeed, 
it  is  always  used  in  this  condition,  since  the  development  of  its 
highest  physical  properties  involves  the  application  of  mechanical 
work  to  it. 

The  electrical  resistivity  of  annealed  duralumin  is  3.43  microhm- 
cm.  In  the  heat-treated  condition,  however,  in  which  it  is  always 
used,  the  resistivity  is  much  higher,  being  4.73  microhm-cm.  In 
this  condition  it  has  approximately  35  per  cent  of  the  volume 
conductivity  of  copper. 

The  density  of  duralumin  varies  from  2.75  to  2.84.  Its  melting 
point  is  about  650°  C. 

When  this  alloy  is  heated  for  a few  minutes  at  temperatures 
from  400  to  5 200  C and  quenched  in  water,  the  hardness  is  very 
little  increased  over  that  which  would  be  obtained  by  slowly  cool- 
ing the  same  alloy.  But  upon  aging  the  quenched  alloy  for  several 
days  at  ordinary  temperature  both  the  hardness  and  the  ductility 
are  increased  from  15  to  50  per  cent,  depending  on  the  composi- 
tion of  the  alloy  and  the  quenching  temperature.  Thus  an  alloy 
showed  the  following  changes  of  properties: 


After  rolling, 
before 
hardening 

After  harden- 
ing (quenching 
and  aging) 

Tensile  strength,  in  pounds  per  square  inch 

37  000 

58  000 

Elongation,  per  cent 

17 

23 

The  change  of  hardness  during  aging  is  shown  in  Fig.  22. 

After  hardening  this  alloy  by  quenching  and  aging  it  may  be 
still  further  hardened  by  cold  work,  at  the  cost,  of  course,  of  duc- 
tility. The  curves,  Fig.  23,  show  the  increase  of  tensile  strength 
and  decrease  of  ductility  that  occur  when  both  annealed  and  hard- 
ened duralumin  are  cold- worked. 


7 Most  of  the  data  in  the  paragraphs  on  duralumin  have  been  taken  from  articles  by  Cohn  (469,  471,  474). 
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The  hardness  produced  by  hardening  is,  of  course,  lost  upon 
annealing  at  rather  low  temperatures.  The  curve  of  Fig.  24  shows 
the  effect  of  annealing  at 
different  temperatures  fol- 
lowed by  air  cooling  upon, 
the  hardness  and  ductility 
of  a hardened  duralumin. 

It  is  noticed  that  duralumin 
hardens  slightly  even  when 
cooled  in  air. 

Duralumin  loses  its  hard- 
ness at  higher  temperatures. 

Fig.  25  shows  the  effect  of 
higher  temperatures  upon 
the  hardness  of  this  alloy. 

Table  2 1 gives  the  results 
of  a number  of  tests  of  com- 
mercial duralumin  from  the 
Diirener  Metallwerke  A.  G. 

Duralumin,8  when  heat-treated  and  cold-worked  to  give  about  6 
per  cent  elongation  in  2 inches,  corresponding  to  a yield  point  above 
35  000  pounds  per  square  inch,  will  withstand  unlimited  alterna- 
tions of  stress  between  o and  20  000  pounds  per  square  inch  tension. 


TABLE  21. — Tensile  Properties  of  Diirener  Duralumin  (Cohn,  471,  474) 


Alloy  and  treatment 

Yield  point 

Tensile 

strength 

Elongation 
in  2 inches 

Reduction 
of  area 

Alloy  H;  density,  2.75: 

Soft,  7 mm 

Lbs.  in.* 

27  000 

Lbs.  in.2 

51  200 

Per  cent 

25.0 

Per  cent 

34 

Rolled  to  6 mm 

54  000 

10.0 

22 

Rolled  to  5 mm 

59  800 

6.3 

18 

Rolled  to  4 ram 

61  900 

5.0 

13 

Rolled  to  3 mm 

64  800 

5.0 

14 

Rolled  to  2 mm 

67  500 

4.0 

12 

Alloy  681-B: 

Soft,  7 ram _ 

40  000 

62  800 

17.6 

21.7 

Rolled  to  6 ram 

67  000 

71  100 

8.0 

16.3 

Rolled  to  5 mm  _ _ 

75  000 

5.3 

12.7 

Rolled  to  4 mm 

78  300 

4.0 

9.7 

Rolled  to  3 mm 

80  500 

3.4 

7.3 

Rolled  to  2 mm 

83  200 

2.5 

6.6 

Alloy  681-D;  density,  2.83: 

Soft,  7 mm 

36  900 

65  300 

17.5 

21.0 

Rolled  to  6 ram 

58  600 

74  200 

8.6 

18.0 

Rolled  to  5 ram 

64  200 

78  500 

6.6 

15.0 

Rolled  to  4 ram 

Rolled  to  3 ram 

75  400 

84  000 

4.6 

11.0 

Rolled  to  2 mm 

77  000 

88  300 

3.0 

11.0 

8 Private  communication  from  the  Aluminum  Castings  Co.,  through  Prof.  Jeffries. 
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Aging  of  duralumin  (Cohn) 


Fig.  24. — Increase  of  hardness  of  duralumin  upon 
aging  after  quenching.  (Cohn,  47 1,  474) 
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TABLE  21 — Continued 


Alloy  and  treatment 

Yield  point 

Tensile 

strength 

Elongation 
in  2 inches 

Reduction 
of  area 

Alloy  681-A;  density,  2.79: 

Lbs.  in.2 

35  100 

Lbs.  in.2 

59  500 

Per  cent 

12. 1 

Per  cent 

29.5 

21.5 

Rolled  to  6 mm 

65  900 

67  700 

9.0 

Rolled  to  5 mm 

Rolled  to  4 mm 

69  200 

75  000 

5.0 

14.5 

Rolled  to  3 mm 

Rolled  to  2 mm 

75  400 

79  600 

4.0 

13.2 

Alloy  681-C; 

Soft,  7 mm 

40  600 

64  200 

17.6 

22.0 

Rolled  to  6 mm 

67  800 

73  200 

7.4 

14.5 

Rolled  to  .5  mm  

76  800 

5.2 

12.5 

Rolled  to  4 mm 

80  000 

4.5 

8.7 

Rolled  to  3 mm , 

82  500 

3.5 

8.0 

Rolled  to  2 mm 

85  800 

3.1 

6.3 

i 

(a)  CORROSION 


Duralumin  in  the  hardened  condition  is  remarkably  resistant  to 
corrosion,  considering  that  it  contains  much  copper  which  is 
recognized  to  be  usually  a harmful  constituent  of  an  aluminum 
alloy  from  the  standpoint  of  corrosion.  This  fact  is  particularly 
important  in  view  of  the  use  of  the  alloy  for  construction  purposes 
where  it  will  be  subject  to  weathering  and  corrosion. 

The  Diirener  Metallwerke  A.  G.  has  made  extensive  investi- 
gation of  this  feature.  Sheets  2.35  mm  thick  were  immersed  for 
14  months  in  several  solutions  and  the  decrease  in  thickness 
measured  as  well  as  appearance  observed  after  that  time.  Table 
22  gives  the  principal  results  of  these  tests. 


TABLE  22. — Corrosion  of  Duralumin  (Cohn,  469,  471) 


[Specimens  were  immersed  for  14  months  in  solutions  below.] 


Solution  or  liquid 


Concentration 


Decrease  in 
thickness 


Description  of  sample 


mm 


HC1 


1/10  to 
1/5  to. 


HN03. 


Acetic  acid. 

h2so< 


1 to 

1/10  n 

1/5  n 

In 

50  per  cent 
80  per  cent 

1/10  to 

1/5  to 


NELOH 

Acid  vapors. 

HgCl2 

Hg 


1 TO 

14  per  cent  (?) 

In  hood  of  laboratory. 


0. 28 
.25 
2.05 
1.75 
.45 
.10 

0.03-  .05 
. 03-  . 10 
.20-  .25 
.38 
.85 


.11-  .13 


0.  5-  .75 

.00 


Samples  were  all  attacked  with  pits  and 
holes. 

J-Attack  uniform. 

1 Attack  uniform  except  where  at  surface 
] exposed  to  acid  and  air. 

jAttack  uniform. 

Gray  layer;  attack  uniform. 

Uniform  attack. 

Material  attacked  but  not  brittle. 

No  action.® 


a This  is  very  questionable. 
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A mixture  of  concentrated  sulphuric  and  nitric  acids  scarcely 
attacks  duralumin,  nor  does  concentrated  sulphuric  acid  contain- 
ing some  dissolved  potassium  dichromate  (K2Cr07) . The  latter  is 
recommended  as  a cleansing  solution  for  duralumin  vessels. 

The  Luftschiffbau-Zeppelin-Gesellschaft  exposed  angles  and  U 
profiles  of  duralumin,  copper,  iron,  aluminum  alloys,  pure  alumi- 


Fig.  25. — Effect  of  cold  working  on  the  tensile  properties  of  duralumin . 

(Cohn,  471,  474) 

(Samples  were  rolled  cold  from  a thickness  of  7 mm) 

Curves  1,  tensile  strength  and  elongation  of  hardened  duralumin 

Curves  2,  tensile  strength  and  elongation  of  rolled  but  not  hardened  duralumin 

num,  and  elektron  to  the  action  of  sea  air  and  spray  on  a light 
ship  in  the  North  Sea  for  three  months.  These  sections  were  also 
riveted  and  screwed  together.  Duralumin  resisted  these  condi- 
tions better  than  any  of  the  other  materials  (Cohn,  loc.  cit.)  and 
showed  practically  no  oxidation. 

Some  tests  made  at  the  shipbuilding  docks  of  Vickers  (Ltd.), 
Barrow-in-Furness,  indicate  that  duralumin  in  the  hardened  con- 
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dition  resists  the  action  of  sea  water  very  well,  indeed.  Four 
strips,  i foot  square,  were  hung  on  the  ways,  such  that  at  low  tide 
they  were  above  the  water  level;  at  high  tide  immersed.  After 
six  months  the  losses  in  weight  and  thickness  were  as  follows : 


Number 

Loss  in  weight 

Loss  in 
thickness 

1 

g/cm* 

0. 00103 

cm 

0. 00038 

2 

.00107 

.00039 

3 

.00045 

.00016 

4 

.00062 

.00023 

Investigation  has  also  been  made  of  the  alteration  in  mechanical 
properties  of  duralumin  brought  about  by  exposure  to  corrosion. 
It  is  known  that  some  alloys  of  aluminum  and  aluminum  itself 


Fig.  26. — Effect  of  annealing  on  the  tensile  properties  of  duralumin . (Cohn,  47 1 , 474) 
The  samples  were  annealed  and  cooled  in  air;  curve  1 is  that  of  the  tensile  strength;  2,  of  the  elongation 


often  suffer  deterioration  in  this  manner.  The  Diirener-Metall- 
werke  A.  G.  exposed  bars  and  wire  of  different  sizes  of  duralumin 
on  the  roof  of  one  of  their  buildings  for  2]/2  years.  Samples  were 
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tested  from  time  to  time,  and  within  that  period  no  evidence  of 
any  alteration  in  hardness  or  ductility  was  shown.  Evidently  the 
properties  of  this  material  acquired  by  hardening  are  quite  stable. 

Under  Section  XI  are  described  also  some  tests  on  the  stability 
of  aluminum  alloys,  including  duralumin,  when  tested  in  a cor- 
roding medium. 

From  the  foregoing  paragraphs  it  is  seen  that  duralumin  has 
been  subjected  to  rather  extensive  and  severe  tests  covering  its 


Effect  of  temperature  on  physioal  properties  of  duralumin 
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Fig.  27. — Effect  of  temperature  on  the  tensile  properties  ( tension  test)  of  duralumin. 

(Cohn,  471,  474) 


Curve  x,  tensile  strength  Curve  2,  yield  point  Curve  3,  reduction  of  area  Curve  4,  elongation 


properties  and  their  stability  under  different  conditions.  It  is 
apparently  a most  excellent  material  for  construction  purposes, 
for  the  production  of  structural  members,  for  forgings  and  for 
tubes,  bars,  and  wire. 

It  is  possible  to  weld  duralumin  in  the  same  manner  as  pure 
aluminum.  The  joint  is  not  as  strong  as  the  original  material, 
however,  since  the  heat  of  welding  destroys  the  properties  pro- 
duced therein  by  hardening.  By  cooling  the  joint  rapidly  after 
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welding  some  improvement  may  be  made.  For  the  present,  there- 
fore, construction  work  with  duralumin  may  best  be  done  by 
riveting  or  other  mechanical  forms  of  jointing  work. 

In  Table  23  are  given  the  physical  properties  which  may  usually 
be  obtained  for  duralumin  in  different  forms. 

TABLE  23. — Tensile  Properties  of  Duralumin 


Form 

Tensile 

strength 

Yield  point 

Elongation 
in  2 inches 

Sheet 

Lbs./in.2 

55  000r-i>5  000 

Lbs./ln.2 

25  000 

Per  cent 

15 

Do 

50  000 

25  000 

20 

Tubes 

55  000 

35  000 

12 

20 

Do 

50  000 

25  000 

Bars  £ to  1 inch 

55  000-65  000 

25  000 

15 

Bars  1 to  2 inches 

50  000 

25  000 

15 

Bars  2 inches,  and  above 

45  000 

20  000 

1 

15 

4.  MISCELLANEOUS  ALLOYS 

In  the  foregoing  paragraphs  have  been  described  those  alloys 
which  have  been  used  commercially  to  some  extent.  There  are 
described  in  the  patent  and  periodical  literature  almost  as  many 
light  aluminum  alloys  as  there  have  been  investigators  interested 
in  them,  and  it  would  be  useless  to  attempt  to  enumerate  all  of 
them.  In  Table  24,  however,  is  given  a list  of  many  of  them, 
together  with  whatever  information  is  known  about  them.  The 
numerical  values  given  in  this  table  are  merely  those  published  and 
are  not  guaranteed. 


TABLE  24. — Miscellaneous  Light  Alloys 
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a Tests  by  Bureau  of  Standards.  c Contains  Ni,  Cu,  and  Zn,  or  Sn,  Fe,  and  Mg.  e Substitute  for  silver. 

6 Mentioned  by  Krause  (4).  d Mentioned  by  Law  (270).  / For  instrument  parts. 
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A list  of  patents  covering  light  aluminum  alloys,  complete  for 
the  United  States  and  incomplete  for  other  countries,  is  given 
in  Table  25. 

TABLE  25. — List  of  Patents  Covering  Light  Aluminum  Alloys 


[This  list  is  complete  for  United  States  patents,  exclusive  of  those  for  aluminum  solders] 


United  States 
patents 

Date 

United  States 
patents 

Date  | 

United  States 
patents 

Date 

German 

patents 

Date 

44  086 

1864 

1 104  369 

1914 

699  216 

1902 

144  777 

633  743 

1899 

1 121  269 

662  952 

1900 

113  935 

1899 

652  833 

1900 

1 117  308 

639  600 

1899 

119  643 

867  194 

1907 

1 121  268 

646  442 

1900 

125  334 

\ 451  406 

1891 

1 121  267 

662  951 

204  543 

1907 

684  207 

1901 

1 080  155 

1913 

629  084 

1899 

244  554 

1 212  374 

1917 

1 076  137 

611  016 

1898 

112  546 

1899 

1 227  174 

1 072  017 

580  711 

1897 

170  085 

1903 

1 223  362 

1 080  156 

501  553 

1893 

218  970 

1 175  655 

1916 

995  113 

1911 

480  445 

1892 

230  095 

1909 

1 146  185 

1915 

886  597 

1908 

451  405 

1891 

231  060 

1909 

1 130  785 

856  392 

1907 

446  351 

1891 

242  313 

1911 

1 092  500 

1914 

759  617 

1904 

443  943 

1890 

137  003 

1 095  653 

721  814 

1903 

373  231 

1887 

134  582 

1 099  561 

743  566 

1903 

320  149 

1879 

268  515 

1 102  618 

697  544 

1902 

38  301 

1862 

203  557 

1906 

257  868 

1911 

The  alloys  of  magnalium  have  been  studied  by  Mach  (Krause, 
p.  107). 

The  alloys  of  aluminum,  zinc,  and  magnesium  have  been  studied 
by  Murmann  (Krause,  p.  108). 

D.  R.  Patent  231  060,  1909,  describes  the  properties  of  alloys  of 
aluminum,  copper,  manganese,  and  silver. 

D.  R.  Patent  242313,  1911,  describes  the  properties  of  alloys 
of  aluminum  with  cobalt  and  tungsten. 

Riibel  (Krause,  p.  129)  describes  the  properties  of  alloys  of 
aluminum  with  phosphorus. 

Borchers  (Krause,  p.  130)  describes  the  properties  of  aluminum 
to  which  cerium  has  been  added.  This  metal  is  a good  deoxidizer 
and  fluxes  for  aluminum,  and  is  said  to  reduce  its  content  of  silicon. 

Uyeno  (Krause,  p.  132)  describes  alloys  of  aluminum  with 
mercury  and  zinc  which  are  used  to  generate  hydrogen  (with  hot 
water)  for  balloons. 
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Besides  the  usual  mechanical  properties  of  alloys  the  engineer 
(particularly  the  aircraft  engineer)  is  interested  in  (1)  the  effect 
of  temperature  on  the  mechanical  properties  of  the  light  alloys, 
and  (2)  the  thermal  conductivity  of  casting  alloys  (motor  pistons) . 

Besides  the  tests  by  Rosenhain  and  Archbutt  on  aluminum-zinc 
alloys  (435)  some  of  which  are  described  on  page  59,  and  those  on 
duralumin  by  Cohn  (476),  described  on  page  85,  no  results  of 
tensile  tests  of  light  alloys  at  high  temperature  have  been  published. 
In  general,  however,  a light  alloy  to  withstand  high  temperatures 
should  be  made  with  a metal  or  metals  of  high  melting  point,  such 
as  iron,  manganese,  or  nickel.  An  alloy  containing  somewhat 
more  copper  than  No.  12  is  manufactured  by  the  Aluminum 
Castings  Co.  for  service  at  elevated  temperatures  for  pistons,  etc. 
Much  information  covering  both  topics  mentioned  above  is  to  be 
found  in  recent  confidential  military  reports. 

The  alloys  of  magnesium  and  aluminum  have  attained  some 
recognition  as  suitable  for  large  optical  mirrors.  Mach  and 
Schumann  (288)  have  studied  the  adaptability  of  these  alloys  for 
this  purpose  and  find  that  the  alloy  containing  the  compound 
Mg3Al4  is  the  best  of  the  series.  It  is  hard,  and  when  polished  has 
a reflecting  power  equal  to  or  better  than  a silvered  glass  mirror. 
Special  precautions  must  be  taken  to  prevent  the  formation  of 
blowholes.  This  is  done  by  melting  under  a flux  of  salts,  prevent- 
ing the  absorption  of  gas. 

XI.  CORROSION,  DISINTEGRATION,  AND  DETERIORATION 
OF  ALUMINUM  AND  ITS  ALLOYS 

The  subject  of  the  deterioration  of  aluminum  and  its  alloys  in 
service  has  naturally  been  of  the  greatest  interest  to  the  metallur- 
gist and  engineer  alike.  Unfortunately  it  must  be  admitted  that 
such  insufficient  investigation  has  been  made  of  the  various  rather 
obscure  phases  of  it  that  some  of  the  observed  phenomena  may  not 
be  regarded  as  in  any  sense  explained. 

It  may  be  preferable  to  distinguish  four  types  of  deterioration 
of  aluminum  alloys. 

1.  CORROSION 

The  corrosion,  uniform  or  local,  of  the  metal  and  its  alloys  has 
already  been  discussed  in  Sections  III-i,  VIII-i,  4,  and  7,  and 
IX-3  in  so  far  as  it  has  been  investigated.  An  adequate  direct 
comparison  of  the  corrodibility  of  the  various  commercial  casting 
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alloys  has  never  been  made,  although  such  information  would 
be  quite  valuable  particularly  to  airplane  designers  and  naval 
architects. 

The  following  table  gives  an  approximate  comparison  of  the 
behavior  of  different  alloys  in  sea  water: 


Loss  of  weight 
in  sea  water 
in  pounds  per 
square  foot 
per  month 

Rolled  aluminum-copper  alloys,  0 to  8 per  cent  copper 

0.008  -0.003 

.0004 

.001  - .002 

.0009-  .002 

.0023 

.0012 

(.0022) 

Chill-cast  aluminum -copper-manganese  alloys 

Sand -cast  aluminum -zinc  alloys 

Duralumin  sheets 

Muntz  metal 

Naval  brass 

Mild  steel 

When  it  is  considered  that  the  loss  of  volume  of  the  light  alloys 
per  unit  loss  of  weight  is  about  2.8  times  that  of  brass  or  steel  it 
is  realized  that  particularly  the  copper  and  the  zinc  alloys  can  not 
be  used  in  sea  water  without  some  protective  coating.  The  cor- 
rosion of  alloys  is  often  not  such  a serious  matter,  as  they  may 
be  effectively  protected  from  corrosion  in  most  cases  by  a varnish 
or  paint. 

2.  CRACKING 

Many  cases  of  mysterious  cracking  of  aluminum  alloy  castings, 
particularly  of  the  zinc-aluminum  type,  are  undoubtedly  due  to 
shrinkage  cracks  originating  during  the  solidification  of  the  casting. 
It  is  well  known  that  all  aluminum  alloys  are  fragile  at  tempera- 
tures just  below  the  melting  point  or  range.  Cracking  due  to 
faulty  molding  or  hard  ramming  is  generally  visible  in  the  finished 
castings,  but  invisible  and  interior  cracks  may  be  formed,  which 
open  up  subsequently  when  stress  is  applied.  The  remedy  for 
such  defects  lies  of  course  only  in  better  foundry  and  casting 
designing  practice  and  in  the  use  of  alloys  of  least  fragility  at  these 
temperatures.  It  is  the  concensus  of  opinion  of  foundrymen  that 
zinc-aluminum  alloys  are  inferior  to  aluminum-copper  alloys  in 
this  respect.  The  addition  of  copper  to  alloys  containing  zinc 
materially  improves  this  condition. 
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3.  DISINTEGRATION 

The  spontaneous  disintegration  of  alloys  of  aluminum  with  high 
percentages  (50  per  cent  and  more)  of  iron,  manganese,  and 
nickle  has  been  noted  by  investigators  (Hindricks) . These  alloys 
when  cast  are  hard  and  brittle,  but  upon  standing  actually  fall  to 
powder. 

The  same  type  of  phenomenon  is  observed  in  the  case  of 
aluminum-zinc  alloys  containing  50  per  cent  zinc  and  more 
(Pack,  300;  Williams,  293).  Such  alloys  annealed  after  casting 
are  sound  and  dense,  but  upon  standing  (under  no  stress)  particu- 
larly when  exposed  to  slightly  higher  temperatures  and  moist  air, 
swell  and  warp,  cracks  appearing  in  the  castings. 

The  final  explanation  of  these  changes  has  not  been  given;  in 
fact  the  data  are  still  discordant.  Rosenhain  and  Archbutt  (see 
Sec.  VUI-a)  found  no  evidence  whatever  of  deterioration  within 
10  months  in  sand-cast  aluminum-zinc  alloys  containing  up  to 
75  per  cent  of  zinc.  The  changes  which  occur  are  due  probably 
either  to  some  change  in  constitution  progressing  in  the  alloy,  or 
to  differences  in  the  coefficients  of  thermal  expansion  of  the 
different  constituents  of  the  alloy.  These  changes  have  also  been 
somewhat  vaguely  ascribed  to  the  presence  of  impurity  in  the 
alloy.  (See  Discussion  on  Rosenhain- Archbutt  paper.) 

4.  CORROSION  AND  STRESS 

Under  this  group  are  considered  some  very  interesting  cases  of 
deterioration  due  to  the  combined  effect  of  stress  and  corrosion. 

The  experiments  of  Heyn  and  Bauer  (128)  have  been  described 
(Sec.  III-i)  in  which  it  was  found  that  cold-rolled  or  hard  alumi- 
num sheet  is  exfoliated  and  blistered  badly  during  corrosion  in 
certain  solutions,  whereas  the  same  material  annealed  corrodes 
quite  uniformly  in  the  same  solutions.  The  effects  of  initial  stress 
on  the  electrolytic  solution  of  the  metal  and  of  the  relief  of  initial 
stress  by  corrosion  combine  to  produce  this  unusual  phenomenon. 

Somewhat  more  recently  investigation  by  Cohn  (469)  has  dis- 
closed the  fact  that  the  tensile  properties  of  hard-drawn  bars  of  an 
aluminum-zinc-copper  alloy  are  very  unfavorably  affected  by 
simultaneous  corrosion.  His  results,  obtained  on  an  alloy  of  the 
composition  shown  in  the  statement  following,  in  the  form  of 
extruded  bars,  are  given  in  Table  26. 

Per  cent 

Zinc 9.  40 

Copper. 32 

Magnesium 39 

Aluminum Balance 


92 


Circular  of  the  Bureau  of  Standards 


It  is  noted  that  in  the  hard  or  cold  worked  condition  the  alloy 
gave  a much  lesser  ductility  and  strength  when  tested  in  water 
than  when  in  air.  After  annealing  this  effect  was  reduced. 
Duralumin  showed  practically  no  sensitivity  to  such  treatment 
either  as  heat  treated  or  as  heat  treated  and  cold  worked. 

TABLE  26. — Effect  of  Combined  Stress  and  Corrosion  on  Tensile  Properties  of 
Aluminum  Alloys  (Cohn,  469) 


Alloy,  temperature  of  tensile 
test,  and  medium  in  which 
test  was  made 

Tensile  test 

Description  of  conditions  of  test 

Tensile 

strength 

Elonga- 
tion in 

2 inches 

Alloy  consisting  of  9.40  per  cent 
zinc,  0.32  per  cent  copper,  and 
0.39  per  cent  magnesium  ex- 
truded (and  drawn).  Tested 

at: 

Lbs.  in.2 

Per  ct. 

0°,  ice  water 

Tested  as  noted  in  column  1 

45  300 

16.0 

20°,  air 

do 

45  900 

16.1 

20°,  air 

Held  in  water  at  70°  for  1 hour  in 
contact  with  iron;  tested  (col- 
umn 1). 

45  000 

15.3 

20°,  water 

Held  in  water  at  20°  for  2 hours  in 
contact  with  iron  before  testing 
(column  1). 

38  500 

(o)  6.4 

70°,  water 

Held  in  water  at  70°  for  J hour; 

33  000 

5-6 

• 

tested  (column  1). 

37  000 

(o) 

70°,  water 

Held  in  water  at  70°  for  1 hour; 
tested  (column  1). 

31  600 

4.2 

70°,  oil 

Held  in  oil  at  70°  fori  hour;  tested 
(column  1). 

40  000 

11.5 

Above  alloy,  annealed  at  400°  C : 

0°,  ice  water 

44  000 

21.1 

20°,  air 

42  600 

20.8 

70°,  water 



35  800 

17.4 

Duralumin,  heat  treated: 

0°,  ice  water 

64  400 

20 

20°,  air 

62  400 

20 

70°,  water 

60  000 

20 

Duralumin,  heat  treated  and 
cold  worked: 

0°,  ice  water 

75  300 

6.9 

20°,  air 

76  000 

6.1 

20°,  water 

Held  in  water  for  3 hours,  in  con- 
tact with  iron;  tested  (column  1). 

75  100 

6.9 

70°,  water 

72  800 

5.5 

Remarks 


Some  fine  cracks. 
Many  cracks. 
Specimen  covered 
with  cracks. 


Do. 


Do. 


Do. 


Some  fine  cracks. 


° Broke  outside  of  gage  length. 
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These  experiments  were  undertaken  in  order  to  explain  the 
cracking  which  had  been  noticed  of  sections,  rods,  and  tubes  of 
this  commercially  much  used  alloy  when  stored  and  under  no 
stress.  Similar  experience  has  been  ^recorded  in  the  case  of  the 
breaking  and  embrittling  of  hard-drawn  aluminum-wire  electric 
conductors. 

It  seems  that  some,  at  least,  of  the  alloys  of  aluminum  and  the 
metal  itself  are  subject  to  “season”  or  “corrosion  cracking,”  so 
well  known  to  those  familiar  with  brass.  Care  must,  therefore, 
be  taken  to  protect  such  alloys  from  corrosion  when  under  stress 
or  when  in  the  hard-drawn  condition. 

XII.  COMPARISON  OF  DENSITY  AND  MECHANICAL  PROP- 
ERTIES OF  ALUMINUM  ALLOYS  WITH  OTHER  MATERIAL 
OF  CONSTRUCTION 

In  Table  27  are  compared  the  tensile  properties  for  several 
materials  used  for  construction  in  relation  to  their  densities. 
Steels  have  been  chosen  for  comparison  which  have  approximately 
the  same  ductility  as  the  duralumin.  Douglas  fir  has  been  in- 
cluded as  representing  the  best  wood  available  for  air-craft  wood 
construction.  The  values  given  bring  out  the  fact  that,  weight 
for  weight,  duralumin  and  similar  light  alloys  are  as  strong  as  the 
best  steels  and  for  the  same  strength  give  greater  stiffness.  There 
appears  to  be  no  doubt  of  the  adequacy  of  such  light  alloys  as 
substitutes  for  both  steel  and  wood  in  construction  in  which  both 
strength  and  lightness  are  a prime  requisite. 


TABLE  27. — Comparison  of  Mechanical  Properties  of  Some  Materials  of  Construction 
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Ratios  of  some  physical  values  of  round 
bars  of  different  materials  of  same 
length  dimensioned  to  support  the  same 
working  load  to  those  of  duralumin 
taken  as  unity  (using  values  of  allowa- 
ble working  stress  given  in  column  8). 

Ratio 

of 

energy 

ab- 

sorbed 
in  de- 

forma- 
tion to 
yield 

point 

1.26 

.85 

.50 

1.00 

2.06 

1.20 

1.63 

Ratio 

of 

ten- 

sile 

stiff- 

ness b 

0.82 

1.22 

1.96 

• 1.00 

.50 

.83 

2.05 

Ratio 

of 

trans- 

verse 

stiff- 

ness 

(simple 

beam)t>  e 

0.53 

.88 

1.70 

1.00 

.39 

.77 

4.70 

Ratio 

of 

diam- 

eter 

0. 52 

.64 

.81 

1.00 

.71 

.91 

3. 54 

Ratio 

of 

weight 

0. 75 

1.12 

1.82 

1.00 

.58 

.98 

2.06 

Ratios  of  some  physical  values  of  round 
bars  of  different  materials  of  same 
length  and  of  same  weight  to  those  of 
duralumin  taken  as  unity 

Ratio 

of 

energy 
ab- 
sorbed 
in  de- 
forma- 
tion up 
to  yield 
point 

1.75 

.74 

.27 

1.00 

3.60 

1.24 

.79 

Ratio 

of 

ten- 
sile 
stiff- 
ness b 

1.08 

1.08 

1.08 

1.00 

.87 

.87 

.99 

Ratio 

of 

trans- 

verse 

stiff- 

ness 

(sim- 

ple 

beam)b 

0. 39 

.39 

.39 

1.00 

.74 

.74 

5.88 

Ratio 

of 

diam- 

eter 

0.60 

.60 

.60 

1.00 

.93 

.93 

2.46 

Ratio 

of 

work- 
ing 
load 
using 
value  of 
work- 
ing 
stress 
given 
in  col- 
umn 8 

1.32 

.89 

.55 

1.00 

1.74 

1.04 

.48 

Tensile  test 

Work- 

ing 

stress  a 

[ ! 

Lbs./ 

in.2 

55  000 

37  000 

23  000 

15  000 

30  000 

18  000 

1 200 

Re- 
duc- 
tion 
of  area 

Per 

cent 

45 

38 

Elon- 
gation 
in  2 
inches 

Per 

cent 

14 

20 

25 

15 

21 

18 

i 

Yield 

point 

. 

Lbs./in.2 
115  000 

75  000 

45  000 

30  000 

61  000 

36  000 

4 400 

Tensile 

strength 

Lbs./in.2 
150  000 

100  000 

75  000 

60  000 

71  000 

52  400 

6 100 

Modu- 
lus of 
elas- 
ticity 

? 

l£J 

3X000  0 0 0 -4 

s 

Den- 

sity 

g/cm  3 
7.80 

7.80 

7.80 

2.85 

* 3.29 

t 3. 29 
.47 

Material 

Heat-treated  alloy  steel  d 

Rolled  alloy  steel  sheet  « 

Rolled  carbon  steel  sheet  /. . . 
Rolled  and  heat-treated  du- 
ralumin   

Rolled  zinc-aluminum-cop-J 

per  alloy? j 
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The  use  of  aluminum  as  an  alloying  element  is  perhaps  as  exten- 
sive in  alloys  containing  an  excess  of  other  metals  as  in  the  light 
alloys. 

Alloys  of  from  3 to  10  per  cent  of  aluminum  in  copper  are  manu- 
factured in  both  the  cast  and  in  the  rolled  or  wrought  form  under 
the  name  of  aluminum  bronzes.  The  properties  of  these  alloys 
are  described  by  Corse  and  Comstock  (476),  Corse  (479,  480), 
Read  (487),  Carpenter  and  Edwards  (496),  and  many  others. 

An  aluminum  bronze  containing  10  per  cent  of  aluminum  will 
have  the  following  tensile  properties  when  cast  to  size  (476) : 

Tensile  strength,  75  000  pounds  per  square  inch;  elongation  in 
2 inches,  24  per  cent. 

A modification  of  this  alloy  containing  1 per  cent  of  iron,  10 
per  cent  of  aluminum,  and  treated  with  titanium  will  give  the 
following  tensile  properties  when  cast  to  size: 9 Tensile  strength, 
80  000  pounds  per  square  inch;  elongation  in  2 inches,  30  per  cent. 

Aluminum  bronze  for  rolling  containing  usually  about  7.5  per 
cent  of  aluminum.  This  alloy  when  rolled  will  give  the  following 
approximate  values  of  the  tensile  properties:  Tensile  strength, 
80000  to  90  000  pounds  per  square  inch;  yield  point,  15  000  to 
20000  pounds  per  square  inch;  elongation  in  2 inches,  20  to  30 
per  cent. 

Aluminum  is  extensively  used  as  a deoxidizer  in  both  iron,  steel, 
and  nonferrous  metals,  and  also  in  the  manufacture  of  steel  to 
produce  blowhole-free  ingots  of  steel.  Brinell  (506)  finds  that  this 
effect  of  aluminum  of  preventing  blowhole  formation  in  acid-steel 
ingots  is  about  18  times  as  great  as  that  of  silicon  and  about  90 
times  as  great  as  that  of  manganese.  He  gives  the  formula : 

=Mn  + 5.2Si  + 90AI 

If  D = 2,  blowhole-free  acid-steel  ingots  are  produced,  24  by  24 
cm,  when  poured  into  an  almost  cold  iron  mold  5 cm  thick. 


8 Private  communication  from  W.  M.  Corse. 


APPENDIX 


1.  DEFINITIONS  OF  PHYSICAL  TERMS 

Absorption  Index. — When  monochromatic  light  traverses  a dis- 
tance equal  to  its  own  wave  length,  X,  in  a material  the  ratio  of 
the  amplitude  of  the  emergent  J\  to  that  of  the  entering  light,  Jx° 

T ' —2tk 

/x° 

when  k is  the  absorption  index. 

(A  variety  of  usage  prevails  regarding  the  definition  of  this  term. 
This  definition  is  used  by  the  Smithsonian  physical  tables.) 

Density. — The  density  of  a substance  is  the  mass  per  unit 
volume.  It  is  usually  expressed  in  terms  of  grams  per  cubic 
centimeter. 

Electrical  Conductivity  and  Resistivity  (x,  p). — There  are  two 
methods  of  expressing  electrical  resistivity  in  common  use,  each 
being  defined  quantitatively  in  terms  of  the  resistance  of  a unit 
specimen.  The  volume  resistivity  is  p in  the  equation 

R-& 

s 

in  which  R = resistance,  l = length,  and  ^ = cross  section.  The  vol- 
ume resistivity  thus  defined  may  be  expressed  in  various  units, 
such  as  microhm-cm  (michrom  per  centimeter  cube) , ohms 
per  foot  of  a uniform  wire  i mil  in  diameter,  etc.  The  commonly 
used  units,  in  abbreviated  terminology,  are: 

microhm-cm. 
microhm-inch, 
ohm  (meter,  mm), 
ohm  (meter,  mm2), 
ohm  (mil,  foot). 

The  other  kind  of  resistivity  is  mass  resistivity,  and  is  defined  as 
5 in  the  equation 

RJ* 

m 

mass  of  the  wire.  The  usual  units  of  mass  resistivity 

ohm  (meter,  gram), 
ohm  (mile,  pound). 


in  which  m 
are: 
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Per  Cent  Conductivity. — The  term  “conductivity”  means  the 
reciprocal  of  resistivity,  but  it  is  used  very  little  in  wire  calcu- 
lations. In  connection  with  copper,  however,  extensive  use  is 
made  of  the  per  cent  conductivity,  which  is  calculated  in  practice 
by  dividing  the  resistivity  of  the  International  Annealed  Copper 
Standard  at  20°  C by  the  resistivity  of  the  sample  at  20°  C. 

Temperature  Coefficient  of  Resistance. — The  temperature  coeffi- 
cient of  electrical  resistance  is  the  fractional  change  of  resistance 
per  degree  change  of  temperature.  Its  value  varies  with  the 
temperature,  and  hence  the  temperature  from  which  the  resistance 
change  is  measured  must  always  be  stated  or  understood.  For  a 
temperature  tu  the  temperature  coefficient  tt  is  defined,  for  a 
metal  like  copper,  by 

Rt=Rt1[i  + ou  tit-tf)], 

in  which  Rtl  = resistance  at  the  temperature  tt  and  Rt  = resistance 
at  any  other  temperature  t.  The  temperature  coefficient  that  is 
usually  used  at  20°,  for  example,  is 

Rt  — R20 

20) 

Boiling  Point. — The  boiling  point  of  a liquid  is  the  temperature 
at  which  it  boils  under  atmospheric  pressure,  or  better  the  temper- 
ature at  which  its  vapor  pressure  is  equal  to  the  external  pressure. 

Brinell  Test. — An  indentation  is  made,  by  pressure,  on  a polished 
surface  of  the  material,  using  a hardened  steel  ball.  There  are 
several  ways  of  expressing  the  hardness: 

The  commonest  definition  of  the  Brinell  hardness  is  the  pressure 
in  kilograms  per  unit  area  (square  millimeters)  of  the  spherical 
indentation.  (Hardness  numeral  = H.  N.) 

^ Pressure P 

area  of  spherical  indentation  tirD 

where 

t = DI2-ffD*U-d*l  4 

P = pressure  used. 
t = depth  of  indentation. 

D = diameter  of  sphere. 

d = diameter  of  indentation. 

Electrolytic  Solution  Potential  (E). — At  the  junction  of  a metal 
and  any  conducting  liquid  there  is  developed  a solution  potential, 
which  is  a measure  of  the  free  energy  change  of  the  chemical 
reaction  which  is  possible  at  the  surface  of  the  metal  liquid.  In 
74699°— 19 7 
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particular  if  the  chemical  reaction  consists  in  the  solution  of  the 
metal,  forming  ions,  the  emf  is  given  by  the  formula 


E = 


RT 

nF 


R = the  gas  constant. 

T = absolute  temperature. 
n = valence  of  metal. 

F = 96  500  coulombs,  the  Faraday  constant. 

P = solution  pressure  of  metal. 

p = osmotic  pressure  of  metal  ion  formed  in  solution. 


In  any  electrolytic  cell  the  sum  or  difference  of  two  such  poten- 
tials is  measured,  one  of  which  may  be  a standard  electrode;  e.  g., 
the  hydrogen  or  the  calomel  electrode.  The  emf  of  an  electro- 
lytic cell  of  the  following  type:  Metal  — solution  — normal 
hydrogen  electrode  is  often  called  the  single  emf  (ex)  for  the  metal 
in  the  solution;  i.  e.,  arbitrarily  assuming  the  emf  of  the  normal 
hydrogen  electrode  to  be  zero. 

Emissivity  (E  or  Ex) . — The  coefficient  of  emissivity  E for  any 

T' 

material  represents  the  ratio  of  the  intensity,  J\,  of  radiation 

J\ 

of  some  particular  wave  length  or  color,  X,  emitted  by  the  material 
at  an  absolute  temperature  T to  that,  Jx,  emitted  by  a black 
body  radiator  at  the  same  temperature. 

The  coefficient  of  total  emissivity  E for  any  material  represents 

that  ratio  of  the  intensity  of  radiation  of  all  wave  lengths,  Jlt 

emitted  by  the  material  at  an  absolute  temperature,  T,  to  that,  /, 
emitted  by  a black  body  radiator  at  the  same  temperature. 

This  coefficient  is  always  less  than  1 , and  for  metals  is  equal  to 
1 minus  the  reflection  coefficient  for  normal  incidence  (Kirchhoff ’s 
law). 

For  any  optical  pyrometer  using  monochromatic  light  a value 
of  the  observed  or  “black  body”  temperature  of  any  substance 
(not  inclosed)  is  reduced  to  the  true  temperature  by  the  following 
formula : 


* l°gio  £* 

6232 


T = true  absolute  temperature. 

T0  = observed  absolute  temperature. 

X = wave  length  in  microhm  (0.001  mm). 

Ex  = relative  emissivity  of  substance  for  wave  length. 
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Erichsen  Test. — This  test  is  carried  out  to  determine  the  duc- 
tility of  sheets.  An  indentation  is  made  in  the  sheet  with  a die 
with  hemispherical  end.  The  greatest  depth  of  indentation  which 
can  be  made  without  incipient  cracking  of  the  sheet,  measured  in 
inches  or  millimeters,  is  known  as  the  Erichsen  value  for  the  sheet. 

Heat  of  Fusion. — The  heat  of  fusion  of  a substance  is  the  quan- 
tity of  heat  absorbed  in  the  transformation  of  unit  mass  (i  g)  of 
the  solid  substance  to  the  liquid  state  at  the  same  temperature. 

Magnetic  Properties. — The  usual  magnetic  characteristics  of  a 
substance  are  given  either  by  the  permeability,  j u,  or  the  suscepti- 
bility, k.  Permeability  is  the  ratio  of  the  magnetic  induction 
( B : in  Maxwell’s  per  square  centimeter)  to  the  magnetizing  force 
( H : in  Gilbert’s  per  centimeter) . This  is  indicated  by  the  relation 

B 

K=H 

Susceptibility  is  given,  in  corresponding  units,  by 


For  all  materials  except  iron  and  a few  other  ferro-magnetic 
metals  jjl  is  very  nearly  unity  and  k is  only  a few  millionths.  When 
k is  positive  in  sign  the  substance  is  diamagnetic.  The  suscepti- 
bility as  thus  defined  is  sometimes  called  volume  susceptibility 
and  indicted  by  ky.  A quantity  called  mass  susceptibility  is  also 
used,  and  is  equal  to  the  volume  susceptibility  divided  by  the 
density  of  the  material;  it  is  represented  by  Km. 

Melting  Point. — The  melting  or  fusing  point  of  a substance  is  the 
temperature  at  which  it  fuses  (under  atmospheric  pressure),  or 
more  accurately  the  temperature  at  which  the  solid  and  the  liquid 
metal  are  in  equilibrium  with  each  other. 

Peltier  Effect  (x). — When  at  the  junction  of  two  metals  current 
flows  from  one  to  the  other,  heat  is  in  general  absorbed  or  liber- 
erated  (see  “thermoelectromotive  force”  below);  the  coefficient, 
the  amount  of  heat  liberated  when  a unit  quantity  of  electricity 
flows  across  the  junction,  is  known  as  x (measured  either  in  calories 
per  coulomb  or  in  volts) , the  Peltier  Effect. 

Refractive  Lndex. — The  ratio  of  the  velocity  of  light  in  vacuum  to 
that  in  any  material  is  called  the  refractive  index  (rj)  of  that 
material.  (This  physical  quantity  ceases  to  have  a meaning  at 
or  near  an  absorption  band  in  the  material.) 

Scleroscope  Test  (Shore). — A hardened  hammer  falls  from  a con- 
stant height  onto  a polished  surface  of  the  material,  and  the  dis- 
tance of  rebound  is  measured  on  a scale  io  inches  long,  divided 
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into  140  equal  parts.  The  scleroscope  hardness  is  expressed  as 
the  distance  of  rebound  on  this  arbitrary  scale  the  value  100  rep- 
resenting the  hardness  on  this  scale  of  hardened  steel. 

Specific  Heat  (<r). — The  true  specific  heat  of  a substance  is  ~ 

when  u is  the  total  internal  heat  or  energy  of  unit  mass  of  the 

substance.  The  mean  specific  heat  is  defined  as  — ^ per  unit 

H h 

mass  when  q is  the  quantity  of  heat  absorbed  during  a temperature 
change  from  t2  to  tx.  It  is  generally  considered  as  the  quantity 
of  heat  (calories)  required  to  raise  the  temperature  of  unit  mass 
(grams)  by  unity  (degrees  centigrade) , either  at  constant  volume 
or  at  constant  pressure.  Unless  otherwise  noted  the  specific  heat 
of  solids  refers  to  that  at  constant  (atmosperic)  pressure.  The 
true  specific  heat  (constant  pressure)  of  metals  may  usually  be 
expressed  sufficiently  by  an  equation  of  the  type 

<r  = A -f-  Bt  + (Ct2 ) 

Tensile  Test. — The  quantities  determined  in  the  tension  test  are 
the  following : 

The  ultimate  tensile  strength  is  the  maximum  load  per  unit  area 
of  original  cross  section  borne  by  the  material. 

The  yield  point  (American  Society  for  Testing  Material)  is  the 
load  per  unit  of  original  cross  section  at  which  a marked  increase 
in  the  deformation  of  the  specimen  occurs  without  increase  of  load. 

The  elastic  limit  (American  Society  for  Testing  Materials)  is  the 
greatest  load  per  unit  of  original  cross  section  which  does  not 
produce  a permanent  set. 

The  proportional  limit  (American  Society  for  Testing  Materials) 
is  the  load  per  unit  of  original  cross  section  at  which  the  deforma- 
tions cease  to  be  directly  proportional  to  the  loads. 

The  percentage  elongation  is  the  ratio  of  the  increase  of  length  at 
rupture  between  arbitrary  points  on  the  specimens  to  this  original 
length. 

The  percentage  reduction  of  area  is  the  ratio  of  the  decrease  of 
cross  section  at  the  “neck”  or  most  reduced  section  at  rupture  to 
the  original  section. 

Thermal  conductivity  (X). — The  coefficient  of  thermal  conductiv- 
ity (X)  expresses  the  quantity  of  heat  (small  calories)  which  flows 
in  unit  time  (seconds)  across  a unit  cube  (centimeter)  of  the  mate- 
rial whose  opposite  faces  differ  in  temperature  by  unity  (i°  C). 
Its  temperature  coefficient  is  expressed  as 

X t — X/o 

Oito  X/o(^  to ) 
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Thermal  Expansion. — If  lt  is  any  linear  dimension  of  a solid  at 
i dl 

any  temperature,  -j  is  the  linear  thermal  expansivity  of  that 

solid  in  the  direction  of  i.  It  is  not  in  general  proportional  to 
the  temperature  except  approximately  over  small  temperature 
intervals,  but  may  be  expressed  in  the  following  manner: 

j<^  = a + bt  + ct2-  • • 
t at 


For  small  temperature  intervals  a mean  coefficient  (a)  is  often 
determined;  i.  e., 


__  It  Ito 
Otto  ~~  Uo(?  ~ io) 

Thermoelectromotive  Force  ( E ). — In  an  electric  circuit  composed 
of  two  dissimilar  conductors,  the  two  junctions  being  at  different 
temperatures,  there  exists  in  general  an  electromotive  force,  called 
the  thermoelectromotive  force,  between  the  two  metals,  the  value 
of  which  is  a function  both  of  the  temperature  and  the  difference 
of  temperature  between  the  two  junctions.  It  is  shown  thermo- 
dynamically that  this  emf  is  related  to  the  Thomson  and  Peltier 
effects  in  the  following  manner : 


T dE  ^ 
T J dt 


(7,  — (To  = — -=- 


T stPE 

J dt 2 . 


and  expressed  in  calories  per  coulomb 


J = 


418  dynes  X ioe 
calories 


dE 


when  E is  the  thermal  emf,  T the  absolute  temperature,  the 


thermoelectric  power  (see  below) , and  <rt  — <j2  the  difference  in  the 
Thomson  effect  of  two  materials.  The  form  of  the  function 

dE 

E = E(T ) is  not  known.  In  general  the  equation  ~^j  = A+BT 

satisfactorily  fits  the  experimental  data  over  a limited  range  of 
temperature  of  a few  hundred  degrees. 

It  has  been  shown  that  the  Thomson  effect  for  lead  is  practi- 
cally zero.  This  metal  has  served  as  a comparison  metal  in  study- 
ing the  thermoelectric  forces  of  others. 

Thermoelectric  Power. — If  E is  the  thermoelectromotive  force  of 

dE 

any  two  dissimilar  metals,  -^-  = the  thermoelectric  power;  it  is  at 


any  temperature  therefore  approximately  the  thermal  emf  of  a 
couple  of  which  the  temperatures  of  the  two  junctions  differ  by  1 °C. 
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The  Thomson  Effect. — When  a current  flows  in  a conductor  from 
a point  at  one  temperature  to  one  at  another,  heat  is  in  general 
liberated,  or  absorbed,  and  an  emf  or  counter  emf  is  produced.  The 
coefficient  of  the  Thomson  effect  is  the  amount  of  heat  liberated  or 
absorbed  when  unit  quantity  of  electricity  flows  from  a point  at 
temperature,  t , to  one  at  a temperature,  t + dt,  and  is  equal  to  adt 
calories  per  coulomb  where  a is  the  so-called  Thomson  specific 
heat  of  electricity.  It  is  called  positive  for  any  material  when 
heat  is  generated  in  that  material  as  a current  flows  from  a 
region  of  higher  to  one  of  lower  temperature. 

2.  SPECIFICATIONS  FOR  ALUMINUM  AND  ITS  LIGHT  ALLOYS 

There  are  given  below  references  to  published  specifications  for 
commercial  aluminum  and  its  light  alloys,  some  of  which  are 
reproduced  in  full: 

a.  ALUMINUM 

(a)  Ingot  aluminum  (U.  S.  Navy  Department,  No.  47Aia,  1915;  International  Air- 
craft Standards  Board,  No.  2N1,  1917). 

(b)  Aluminum  sheet  (International  Aircraft  Standards  Board,  No.  3N12,  1917). 

(c)  Aluminum  bars  (International  Aircraft  Standards  Board,  No.  3N23,  1918). 

( d ) Aluminum  tubes  (International  Aircraft  Standards  Board,  No.  3N20,  1917). 

■b.  ALUMINUM  ALLOYS 

(e)  No.  12  casting  alloy  (Society  of  Automotive  Engineers,  No.  30,  1912;  Inter- 
national Aircraft  Standards  Board,  No.  3N11,  1917). 

(/)  No.  31  casting  alloy  (Society  of  Automotive  Engineers,  No.  31,  1912). 

( g ) Casting  alloys  (U.  S.  Navy  Department,  No.  49A1,  1915). 

(h)  Duralumin  sheet  (International  Aircraft  Standards  Board,  No.  3N16,  1917). 

(*)  Duralumin  bars  (International  Aircraft  Standards  Board,  No.  3N18,  1918). 

( j ) Duralumin  tubes  (International  Aircraft  Standards  Board,  No.  3N17,  1918). 

Specifications  for  Ingot  Aluminum 

[International  aircraft  standards,  2N1,  October,  1917 J 

General. — The  general  specifications,  1G1,  shall  form,  according  to  their  appli- 
cability, a part  of  these  specifications. 

Material. — 2.  (a)  Three  grades  of  ingot  aluminum  are  recognized: 

Per  cent 

Standard  No.  1,  aluminum not  less  than. . 99.  o 

Standard  No.  2,  aluminum do 98.  o 

Special,  aluminum do.  . . . 99.  5 

Analysis. — ( b ) One  sample  ingot  of  each  heat  shall  be  taken  for  analysis,  and  in  any 
case  not  less  than  one  sample  ingot  from  each  500  pounds  (226.8  kg.)  of  metal. 

(c)  Samples  shall  be  obtained  by  drilling  completely  through  the  ingot  or  half 
through  from  top  to  bottom.  The  weight  of  the  samples  obtained  by  drilling  the 
ingot  or  ingots  should  not  be  less  than  120  grams. 

Manufacture. — 3.  No  scrap  shall  be  used  except  such  as  shall  accumulate  at  the 
manufacturer’s  plants  from  material  of  the  same  composition  and  of  their  own  make. 
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Specifications  for  Aluminum  Alloy  Castings 

[International  Aircraft  Standards,  3N11,  October,  1917] 

GENERAL. — i.  The  general  specifications,  1G1,  shall  form,  according  to  their  appli- 
cability, a part  of  these  specifications. 

Use. — 2.  Two  alloys  are  described : 

Alloy  1 is  suitable  for  crank  cases  and  general  purposes  for  which  tensile  strength 
is  required. 

Alloy  2 is  suitable  for  die  castings  for  bearing  surfaces  and  pistons  for  use  at  higher 
temperatures. 

Material. — 3.  (a)  These  alloys  shall  have  the  following  compositions: 


Alloy  No.  1 

Alloy  No.  2 

Specific  gravity 

Copper 

7 0 to  8 s per  cent 

9.25  to  10.75  Per  cent 

Not  over  1.7  per  cent 

Balance 

Impurities 

Not  over  1 7 per  cent 

Aluminum 

Balance 

( b ) Ingot  aluminum  of  grades  Standard  No.  1 and  Standard  No.  2 may  be  used  in 
making  these  alloys. 

Workmanship  and  Finish. — 4.  (a)  The  castings  are  to  be  clean,  sound,  and  fre*e 
from  blowholes,  misruns,  cracks,  shrinks,  and  similar  defects. 

( b ) No  repairing,  plugging,  or  welding  will  be  allowed  unless  previous  permission 
in  writing  has  been  obtained  from  the  inspector;  such  permission  will  only  be  given 
when  the  defects  to  be  repaired  are  small  and  do  not  affect  the  strength  of  the  casting. 

Physical  Properties  and  Tests. — 5.  (a)  The  alloys  shall  have  the  following 
minimum  physical  properties: 

Tensile  Test. — 


Alloy  No.  1,  sand  cast 

Alloy  No.  2,  sand  or  die  cast 

Tensile  strength 

18,000  pounds  per  square  inch 
(12.65  kg/mm2). 

1 5 per  cent ..... 

18,000  pounds  per  square  inch 
(12.65  kg/mm2). 

Elongation  in  2 inches  (50.8  mm. . 

(6)  These  alloys  when  poured  hot  into  very  thin  difficult  sections,  such  as  crank- 
case pans,  carburetors,  and  manifolds,  shall  not  be  required  to  show  a greater  tensile 
strength  than  14  000  pounds  per  square  inch  (9.84  kg/mm  2). 

Selection  of  Test  Specimens. — 6.  (a)  At  least  one  sample  is  to  be  cast  to  repre- 
sent each  crank  case  or  other  large  casting;  this  is  to  be  attached  to  the  casting;  no 
chills  may  be  applied  to  the  test  specimen. 

( b ) The  number  of  test  samples  for  smaller  castings  is  left  to  the  discretion  of  the 
inspector,  who  is  to  satisfy  himself  that  the  quality  of  the  metal  used  is  satisfactory 
and  uniform. 

(c)  The  latter  samples  are  to  be  cast  separate,  but  also  in  sand  and  without  the  use 
of  chills. 

Dimensions  and  Tolerances. — 7.  (a)  The  castings  are  to  be  accurately  in  accord- 
ance with  the  drawings,  and  sufficient  allowance  is  to  be  made  to  enable  them  to  be 
machined  where  required  to  the  finished  dimensions  without  leaving  evidence  of  the 
cast  surface. 

( b ) A tolerance  of  3 per  cent  is  allowed  in  the  weight  of  the  individual  castings. 
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Specifications  for  Sheet  Aluminum 

[International  Aircraft  Standards,  3N12,  October,  1917] 

General. — i.  The  general  specifications,  1G1,  shall  form,  according  to  their  appli- 
cability, a part  of  these  specifications. 

Material. — 2.  (a)  Two  grades  are  recognized:  Standard  No.  1,  aluminum,  not  less 
than  99  per  cent;  standard  No.  2,  aluminum,  not  less  than  98  per  cent. 

Analysis. — ( b ) Samples  for  analysis  shall  be  obtained  from  a random  sheet,  repre- 
senting each  500  pounds  (226.8  kg)  of  aluminum,  or  any  lot  weighing  less  than  500 
pounds  (226.8  kg),  as  agreed  upon  between  the  seller  and  the  purchaser. 

Manufacture. — 3.  No  scrap  shall  be  used  except  such  as  shall  accumulate  at  the 
manufacturer’s  plant  from  material  of  the  same  composition  and  of  their  manufacture. 

Workmanship  and  Finish. — 4.  All  sheets  shall  be  sound,  flat,  free  from  buckles, 
seams,  discoloration,  or  other  surface  defects. 

Physical  Properties  and  Tests. — Tensile  test. — 5.  (a): 


Grade 

Minimum  tensile  strength 

Minimum 
elongation  in  a 
inches 
(50.8  mm) 

Soft-annealed  - 

x 2 000  pounds  per  square  inch  (8  44  kg/mm  2) .... .... 

30  per  cent. 

10  per  cent. 

2 per  cent. 

Half-hard 

18  000  pounds  per  square  inch  (12.65  kg/mm  2)  . . . 

Hard. rolled  

22,000  pounds  per  square  inch  (15.47  kg/mm  2) 

Bend  test. — (6)  Soft  and  half-hard  sheets  shall  withstand  being  bent  double  in  any 
direction  over  a pin  having  a radius  equal  to  the  thickness  of  the  sheet  without 
cracking. 

Selection  of  Test  Specimens. — 6.  Test  pieces  shall  be  cut  from  random  sheets 
representing  each  500  pounds  (226.8  kg)  of  aluminum  or  any  lot  weighing  less  than 
500  pounds  (226.8  kg)  as  agreed  upon  between  the  seller  and  the  purchaser.  Test 
pieces  may  be  used  for  purposes  of  analysis  as  under  paragraph  2 ( b ). 

Dimensions  and  Tolerances. — 7.  Tolerances  on  all  sheets  shall  be  as  follows: 


Thickness, 
American 
wire  gage 
(B.  & S.) 

Tolerances 

Inch 

Millimeter 

10-11 

0.003 

0. 08 

12-14 

.003 

.08 

15-17 

.003 

.08 

18-20 

.002 

•OS 

21-23 

.002 

• 05 

24-26 

.002 

• 05 

Specifications  for  Aluminum  Alloy  Sheet 

[International  aircraft  standards,  3N16,  December,  1917] 

General. — i.  The  general  specifications,  1G1,  shall  form,  according  to  their  appli- 
cability, a part  of  these  specifications. 

Material. — 2.  The  aluminum  alloy  of  these  sheets  shall  be  made  from  standard 
No.  1 aluminum  conforming  to  I.  A.  S.  B.  specification  2N1.  The  specific  gravity 
of  the  aluminum  alloy  shall  not  be  greater  than  2.85. 
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Manufacture. — 3.  No  scrap  shall  be  used  other  than  that  produced  in  the  manu- 
facturer’s own  plants  and  which  is  of  the  same  composition  as  the  material  specified. 

Workmanship  and  Finish. — 4.  (a)  All  sheets  shall  be  sound,  flat,  free  from  buckles, 
seams,  discoloration,  or  other  surface  defects. 

( b ) Any  sheet  may  be  rejected  because  of  injurious  defects  or  faults  in  manufacture 
at  any  time,  notwithstanding  that  it  has  previously  passed  inspection.  It  shall  be 
returned  to  the  manufacturer  at  the  latter’s  expense.  This  clause  shall  not  be  taken 
to  apply  to  materials  fabricated  after  export. 

Physical  Properties  and  Tests. — 5.  The  sheets  may  be  specified  in  either  of  two 
tempers  as  desired.  Specimens  cut  in  any  direction  from  the  sheets  must  have  the 
following  physical  properties: 

Tensile  Test. — (a) 


Temper  1 

Temper  2 

Pounds  per 
square  inch 

Kilograms  per 
square 
millimeter 

Pounds  per 
square  inch 

Kilograms  per 
square 
millimeter 

Minimum  tensile  strength 

Minimum  yield  point 

Minimum  elongation  in  2 inches 

55.000  38.6 

25.000  1 17.5 

15  per  cent 

50.000 

25.000 

20  pei 

35-i 

17  -5 

r cent 

Bend  Test. — (6)  Strips  cut  from  sheets  of  either  temper  shall  withstand  being  bent 
cold  through  an  angle  of  1800  around  a diameter  equal  to  four  times  the  thickness  of 
the  sheet. 

Selection  of  Test  Specimens. — 6.  Test  specimens  shall  be  cut  from  a sheet  selected 
from  each  500  pounds  or  individual  lot  submitted  of  less  than  500  pounds. 

Dimensions  and  Tolerances. — 7.  The  tolerances  upon  sheets  shall  be  those  given 
in  the  table  below: 


Brown  & 
Sharpe 
gage 

Thickness 

Tolerance 

Thickness 

Tolerance 

IO-I7 

18-26 

Inch 

0. 1019-0. 0453 

.0403-  .0159 

Inch 
±0.003 
± .002 

Millimeters 

2. 588-1. 151 

1.024-  • 4°4  1 

Millimeter 

0. 076 

.051 

Delivery,  Shipping,  and  Packing. — 8.  The  sheets  shall  be  delivered  in  boxes  of 
gross  weight  not  greater  than  220  pounds  (100  kg). 


Specifications  for  Aluminum  Alloy  Tubing 

[International  aircraft  standards,  3N17,  March,  1918] 

General. — i.  The  general  specifications,  1G1,  shall  form,  according  to  their  appli- 
cability, a part  of  these  specifications. 

Material. — 2.  The  specific  gravity  of  the  aluminum  alloy  of  this  specification  shall 
not  be  greater  than  2.85. 

Manufacture. — 3.  No  scrap  shall  be  used  in  the  manufacture  of  this  tubing  other 
than  that  produced  in  the  manufacturer’s  own  plants  and  which  is  of  the  same  compo- 
sition as  the  material  specified. 
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Workmanship  and  Finish. — 4.  The  tubing  shall  be  straight,  clean,  smooth,  and 
free  from  all  injurious  defects  both  inside  and  outside. 

Physical  Properties. — 5.  Tensile  Test. — (a) 


Minimum  tensile  strength 

Minimum  yield  point 

Elongation 
in  2 inches, 
per  cent 

Pounds  per 
square  inch 

Kilograms  per 
square 
millimeter 

Pounds  per 
square  inch 

Kilograms  per 
square 
millimeter 

Temper  1 

55.000 

50. 000 

38.6 

35- 1 

35.000 

25.000 

24. 6 

17.6 

12 

Temper  2 

20 

Bend  Test. — (b)  A section  of  the  tubing  of  a length  approximately  equal  to  the 
outside  diameter  of  the  finished  tube  shall  withstand  being  flattened  into  an  oval  of 
which  the  minor  interior  axis  shall  be  not  less  than  4 for  temper  2,  and  6 times  for  tem- 
per 1,  the  thickness  of  the  wall  of  the  original  tube. 

Hydrostatic  Pressure  Test. — (c)  Each  tube  shall  be  subjected  to  a hydrostatic  pressure 
which  will  develop  a tensile  stress  of  7/000  pounds  per  square  inch  (4.92  kg/mm2)  in 
the  tube,  but  in  no  case  shall  a test  pressure  of  more  than  1,000  pounds  per  square 
inch  (0.703  kg/mm2)  be  required.  Each  tube  must  withstand  this  test  without  cracks, 
flaws,  leaks,  or  other  defects  such  as  bulging.10 

Selection  of  Test  Specimens. — 6.  Each  bar  shall  be  subjected  to  a hydrostatic 
test.  A tensile  and  a bend  test  specimen  shall  be  taken  from  each  100  feet  of  tubing 
or  lot  of  less  than  100  feet. 

Dimensions  and  Tolerances. — 7.  (a)  The  following  tolerances  shall  be  allowed 
on  aluminum  alley  tubing. 

Outside  Diameter. — ( b ) For  tubes  less  than  2 inches  in  outside  diameter,  ±0.003  inch; 
for  tubes  from  2 to  3 inches  in  diameter,  ±0.005  inch. 

Wall  Thickness. — (c)  The  wall  thickness  of  the  tube  shall  be  not  less  than  the  speci- 
fied gage  and  shall  not  be  exceeded  by  more  than  0.004  inch  for  tubes  less  than  0.008 
inch  in  wall  thickness  nor  by  more  than  5 per  cent  for  thicker  tubes. 

Variation. — (d)  The  variation  in  thickness,  due  to  eccentricity  of  the  bore  may  not 
exceed  ±10  per  cent  of  the  specified  wall  thickness. 

Length. — ( e ) When  tubing  is  ordered  in  definite  lengths,  no  length  furnished  shall 
be  less  than  that  specified. 


Ingot  Aluminum 

[Navy  Department  Specifications.  47Aia,  July  i,  1915.  Superseding  47A1,  Oct.  20,  1910] 

General  Instructions. — 1.  General  specifications  for  the  inspection  of  material, 
issued  by  the  Navy  Department,  in  effect  at  date  of  opening  bids,  shall  form  part  of 
these  specifications. 

Process  of  Manufacture. — 2.  Aluminum  to  be  manufactured  from  bauxite  or 
other  high  grade  ore.  Metal  reclaimed  from  scrap  will  not  be  acceptable  under  these 
specifications. 


10  The  pressure  to  be  applied  shall  be  calculated  from  the  formula 
7,000  T 
R 

Where  P=the  hydrostatic  pressure  in  pounds  per  square  inch. 
T—  the  thickness  of  the  tube  wall  in  inches. 
i?=the  internal  radius  of  the  tube. 
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Chemical  Properties. — 3.  The  chemical  requirements  shall  be  in  accordance  with 
the  following  table: 


Alumi- 

num 

(mini- 

mum) 

Iron 

(maxi- 

mum) 

Silicon 

(maxi- 

mum) 

Other 

impuri- 

ties 

(maxi- 

mum) 

Sum  of 
iron  and 
silicon 
and  other 
impuri- 
ties 

Per  cent 
99.40 

Per  cent 
0. 60 

Per  cent 
0. 60 

Per  cent 
0. 10 

Per  cent 

0. 60 

Sampling. — 4.  At  least  one  ingot  shall  be  taken  at  random  from  each  lot  of  2000 
pounds  or  fraction  thereof.  Not  less  than  four  ingots  shall  be  samples  for  the  entire 
shipment.  Samples  shall  be  taken  by  drilling  with  a dry  drill  through  each  ingot 
from  the  top  to  within  % inch  of  the  bottom.  The  drillings  from  the  first  % inch  shall 
be  discarded.  Drillings  from  all  the  ingots  representing  the  shipment  shall  be  thor- 
oughly mixed  and  a portion  taken  therefrom  for  analysis  unless  the  question  of  homo- 
genity  of  the  metal  arises,  in  which  case  separate  analysis  shall  be  made  as  may  be 
deemed  expedient  by  the  inspector. 

Form  and  Finish. — 5.  Ingots  to  be  of  commercial  standard  form  and  shape,  to  be 
clean,  free  from  adhering  dirt,  slag,  or  foreign  matter,  and  shall  have  normal  and 
uniform  shrinkages. 

Purpose  for  which  Used. — 6.  Material  bought  under  these  specifications  is  suit- 
able for  the  manufacture  of  casting  and  ingots  for  forging  purposes  of  aluminum, 
aluminum  bronze,  manganese  bronze,  etc. 

Specifications,  where  Obtainable. — Copies  of  the  above  specifications  can  be 
obtained  upon  application  to  the  various  Navy  pay  offices  or  to  the  Bureau  of  Supplies 
and  Accounts,  Navy  Department,  Washington,  D.  C. 

References — 

S.  E.,  149078-687-S,  May  15,  1915. 

C.  & R.,  Z47Aia-M,  May  24,  1915. 

S.  & A.,  380-15. 


Aluminum  or  Light  Alloy  Castings 

[Navy  Department  Specifications.  49A1,  July  1,  1915] 

General  Instruction. — 1.  General  specifications  for  the  inspection  of  material, 
issued  by  the  Navy  Department  and  in  effect  at  date  of  opening  of  bids,  shall  form  part 
of  these  specifications. 

Scrap. — 2.  Miscellaneous  scrap  shall  not  be  used  in  the  manufacture.  Analyzed 
ingots  and  returns  from  material  of  the  same  composition  of  the  manufacturer’s  own 
make  may  be  used. 

Chemical  Composition. — 3.  The  chemical  composition  shall  be  as  follows: 


Alumi- 

num 

(mini- 

mum) 

Copper 

(maxi- 

mum) 

Iron 

(maxi- 

mum) 

Silicon 

(maxi- 

mum) 

Manga- 

nese 

(maxi- 

mum) 

Per  cent 
94 

Per  cent 

6 

Per  cent 
0. 50 

Per  cent 
0. 50 

Per  cent 

3 
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Physical  Characteristics. — 4.  The  physical  characteristics  shall  be  as  follows: 
Minimum  tensile  strength,  18000  pounds;  minimum  elongation,  8 per  cent. 

Workmanship. — 5.  Castings  must  be  in  accordance  with  drawings  and  specifica- 
tions, free  from  cracks,  flaws,  shrinks,  and  other  defects. 

Physical  Test. — 6.  A “ cast-to-size  ’ ’ separately  poured  test  bar  may  be  used  for  all 
castings  up  to  250  pounds  in  weight.  For  castings  above  250  pounds  in  weight  the 
test  bar  must  be  attached  to  the  casting.  Material  for  at  least  two  bars  shall  be  cast 
from  each  melt.  The  color  of  the  fracture  section  and  the  grain  of  the  metal  must  be 
uniform.  Test  bars  showing  “ local  physical  defects’  ’ will  be  replaced  by  sound  bars. 

Purposes  for  which  Used. — 7.  Material  is  suitable  for  the  following:  Objects  not 
liable  to  corrosion  where  lightness  is  desirable,  muzzle  disks,  dotter  parts,  handwheels, 
brackets,  etc.,  not  requiring  special  strength. 

Specifications,  where  Obtainable. — Copies  of  the  above  specifications  can  be 
obtained  upon  application  to  the  Bureau  of  Supplies  and  Accounts,  Navy  Department, 
Washington,  D.  C. 

References: 

S.  E.,  155466-687-S,  May  22,  1915. 

C.  & R.,  SPS-M,  May  29,  1915. 

S.  & A.,  380-1227. 


Aluminum  Alloy  No.  i 

[S.  A.  E.  Specification  No.  30  (revised  July,  1912).  This  is  one  of  the  lightest  of  the  allmninum  alloys, 
possessing  a high  degree  of  strength,  and  can  be  used  where  a tough,  light  alloy  of  these  characteristics 


is  required  in  automobile  construction] 

Per  cent 

Aluminum,  not  less  than 90.  00 

Copper 8.  50-7.  00 


Total  impurities  shall  not  exceed  1.7  per  cent,  of  which  not  over  0.2  per  cent  shall 
be  zinc.  No  other  impurities  than  carbon,  silicon,  iron,  zinc,  and  manganese  shall 
be  allowed. 


Aluninum  Alloy  No.  2 

[S.  A.  E.  Specification  No.  31.  This  mixture  possesses  strength,  closeness  of  grain,  and  can  be  cast  solid 
and  free  from  blowholes.  It  is  a light  metal,  its  specific  gravity  being  in  the  neighborhood  of  3] 


Per  cent 

Aluminum,  not  less  than 80.  00 

Zinc,  not  over 15-00 

Copper,  between 2.  00  and  3.  00 

Manganese,  not  to  exceed o.  40 


Total  impurities  shall  not  exceed  1.65  per  cent,  of  which  not  more  than  0.50  per 
cent  should  be  silicon,  not  more  than  1 per  cent  iron,  and  not  more  than  0.15  per  cent 
lead. 
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